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Summary

The aim o f  this research was to investigate a number o f  optimisation possibilities for a 

continuous flow solar water disinfection system and to assess its long term sustainability as a 

water treatment solution for rural areas o f  developing countries. The solar disinfection process 

involves exposing contaminated water to UV radiation present in sunlight, which has the 

capacity to inactivate a wide range o f  pathogenic microorganisms. The continuous system  

aims to maximise the quantities o f  water treated, by continuously disinfecting water in a 

centralised manner during daylight hours, which can then be stored and collected as required.

Initially photolytic experiments were carried out in a full scale compound parabolic 

collector (CPC) and parabolic trough collector (PTC) using a wide range o f  bacteria and 

bacteriophages. Despite efficient inactivation levels during trials, significant reactivation and 

repair o f  bacteria was observed post-irradiation. The introduction o f  a titanium dioxide (Ti02) 

photocatalyst to the solar disinfection process has been shown previously to prevent 

reactivation and so a range o f  photocatalytic tests were carried out using suspended catalysts 

(Ti02, ZnO and Ru(bpy)3Cl2) and fixed Ti02 inserts. The suspended catalysts were observed 

to improve disinfection efficiencies better than fixed catalysts, as expected, but the fixed 

catalysts proved more effective in terms o f  preventing reactivation. Trials with bacteriophages 

found MS2 to be more resistant to photolytic treatment than PR772 and 0 X 1 7 4  but MS2 was 

the most susceptible to photocatalytic treatment using Ru(bpy)3Cl2 and fixed Ti0 2  inserts. 

UV-A intensity levels were observed to have a significant impact on inactivation efficiencies 

and while it was found that photolytic and photocatalytic inactivation o f bacteria could 

proceed at low UV-A levels below 20 W/m , once a threshold dose had been reached, 

intensities gieatei than 25 W/m were observed to produce significantly more efficient 

inactivation. Bacteriophage decay seemed to be less sensitive to changes in UV-A.

A range o f  experiments with E. coli were carried out using various patterns o f  light and 

dark periods in the CPC and PTC in order to introduce a stroboscopic mechanism to the 

process. The regime with the lowest irradiated area performed the best in terms o f  cumulative 

dose, while the regime with the highest area was the most efficient in terms o f  time. It was



notable, however, that the poorest performing regimes had the lowest UV-A levels during 

trials and due to the particular nature of the stroboscopic mechanism, it is proposed that UV-A 

intensity may have a more critical impact during this process compared to standard photolysis 

and photocatalysis. Combined trials using the stroboscopic mechanism with Ti02 inserts did 

not improve disinfection rates but did suppress reactivation, while MS2 was significantly less 

resistant to the stroboscopic mechanism compared to standard photolysis.

The combination of solar oxidation and removal of arsenic (SORAS) and solar disinfection 

processes in the CPC resulted in dramatically lower arsenic removal compared to the standard 

SORAS process and maximum disinfection coefficients for E. coli inactivation were found to 

be lower than photolysis. At iron concentrations of 10 mg/litre, however, inactivation was 

more efficient than standard photolysis in terms of cumulative dose for a 4-log reduction.

The rate of inactivation during solar disinfection can be enhanced when temperatures above 

45"C are maintained and so the potential for introducing a thermal synergistic effect to the 

continuous flow system was investigated. A range of experiments were carried out in the full 

scale CPC on the impacts of heat and a combination of heat and UV, showing that 

temperatures in excess of 55°C combined with UV exposure prevented reactivation of 

bacteria. A new PTC was designed and fabricated, with the intention of enhancing the overall 

solar gain per tube. The thermal profiles of the PTC and the CPC were modelled and the 

calibrated models were used to predict the potential for temperature increase. Results showed 

that reaching and maintaining temperatures in excess of 55°C was not a feasible option for the 

continuous flow CPC or PTC, as the required collector areas were too large.

Finally the challenges facing the sustainability of water projects in developing countries 

were investigated. Field visits were made to the continuous flow system’s pilot site in Kenya 

and a project to provide an alternative water source for the reactor was implemented, which 

was necessary due to prolonged drought in the area. The pilot project highlighted the need for 

local implementation partners, as well as community participation, to ensure long term project 

sustainability. In addition, a better imderstanding of surface and groundwater behaviour is 

essential, given increasingly unpredictable weather patterns in developing countries.
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Introduction

Chapter 1 - Introduction 

1.1. Background

More than 3.4 million people die each year from water, sanitation and hygiene-related 

causes and 99 percent of these deaths occur in the developing world (WHO, 2008). In 2000 

the world's governments made a commitment to halve the global proportion of those without 

sustainable access to safe drinking water and basic sanitation by 2015 in the Millennium 

Development Goals set by the United Nations General Assembly. In a separate initiative. The 

World Health Organisation (WHO) and UNICEF’s Joint Monitoring Programme set the joint 

goal of achieving ‘water and sanitation for all’ by the end of 2025 (Mara, 2006). In 2012 the 

United Nations announced that the target for safe water had been reached, while the target for 

sanitation was lagging far behind. Despite this limited success, however, about 786 million 

people still lack access to safe drinking water and over 2.6 billion people lack access to basic 

sanitation (UNICEF and WHO, 2012).

These statistics highlight the urgent need for novel water treatment solutions for developing 

countries and it is within this context that the continuous flow solar water disinfection system 

has been researched. Batch solar disinfection systems, specifically the SODIS process, have 

been implemented with a large degree o f success in many countries over recent years (Byrne 

et a i ,  2011; McGuigan et a l,  2012; EAWAG, 2014) but given the limited quantities that can 

be treated using this method, the potential benefits of a centralised continuous flow system are 

considerable. These benefits would include maximum use of a renewable and abundant 

rcscurce (sunshine), as well as centralised tieatmenc and storage which would reduce the time 

and effort taken to collect water from more remote areas, work normally carried out by women 

and children. The system could provide a safe, reliable source of clean water which would 

help to break the cycle of infection of waterborne disease, such as cholera, typhoid, 

dysenteries etc. Such illnesses and mortalities from the use of polluted water, in addition to 

the time and effort involved in collecting water, severely hamper the day to day activities of
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affected communities, hindering their long term sustainability and development. Further 

advantages o f the system include no requirement for pumping and minimal maintenance.

One of the main drawbacks of the solar disinfection process, however, is the potential for 

reactivation and repair o f bacteria after water has been treated (Rincon and Pulgarin, 2004a). 

This phenomenon has been shown to be suppressed by the introduction of a photocatalyst to 

the process, the most common catalyst for this purpose being titanium dioxide (Rincon and 

Pulgarin, 2004a; Gelover et a l,  2006). In addition, the rate of inactivation during solar 

disinfection has been observed to increase when temperatures above 45-50°C are maintained 

(Wegelin et al., 1994; McGuigan et al., 1998; Blanco et al., 2009). Further enhancements to 

the continuous flow solar disinfection process include the introduction o f stroboscopic 

mechanisms, which can improve inactivation efficiencies considerably (Misstear et a l ,  2013). 

The potential benefits of all of these enhancement options to the basic photolytic process were 

investigated during this research in order to evaluate optimisation possibilities for the 

continuous flow solar disinfection system.

1.2. Aims and Objectives

The aims of the research carried out and presented in this thesis were to investigate 

parameters for optimising the continuous flow solar water disinfection system including 

photocatalytic, stroboscopic and thermal synergistic effects and to evaluate the long term 

sustainability o f the system. These aims were achieved by targeting the following objectives:

• Investigate the impacts of photolytic (solar) disinfection in the full scale continuous 

flow reactor on a wider range of bacteria and bacteriophages than previously tested.

• Evaluate the impact of an additional photocatalytic effect on inactivation rates and 

repair of bacteria using a variety of suspended catalysts and fixed titanium dioxide 

inserts.
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•  Examine the effects o f introducing stroboscopic mechanisms to the continuous 

system and evaluate the impact o f different patterns o f light and dark periods on 

inactivation rates and repair o f bacteria.

• Investigate the combined use o f solar disinfection with solar oxidation and removal 

o f arsenic (SORAS) on contaminated water in the full scale continuous system.

• Investigate the effects o f increased temperature and solar UV on bacteria in the

continuous reactor.

• Redesign the continuous reactor with slightly concentrating reflectors and assess the

feasibility o f reaching temperatures in excess o f 50°C in the system, in order to 

introduce a thermal synergistic effect.

• Evaluate the long term sustainability o f the continuous flow solar water disinfection 

system by visiting the pilot project site in Kenya and assessing the effectiveness and 

impact o f the system in the field.

1.3. Scope of Thesis

This thesis begins with a comprehensive examination o f literature relating to water 

disinfection in developing countries, focussing particularly on progress made in the area o f 

photolytic and photocatalytic disinfection o f  water over the past number o f years. This is 

followed by a review o f the materials and methods used during experimental research.

The experimental section o f this thesis starts with photolytic testing o f a wide range o f 

bacteria and bacteriophages in two fiill scale continuous flow reactors, including investigation 

o f post-irradiation reactivation and repair. Photocatalytic tests on bacteria and bacteriophages 

are also presented using suspended catalysts (Ti02, ZnO, Ru(bpy)3Cl2) and two different 

designs o f fixed Ti0 2  inserts.
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Research then moves on to the introduction o f stroboscopic mechanisms using various 

patterns of Hght and dark periods in the continuous flow reactors. The most promising regime 

based on trials with E. coli was then tested using Ti02 photocatalytic inserts and this regime 

was also employed during photolytic tests conducted on bacteriophages, in order to assess 

responses of different microorganisms to the stroboscopic mechanism. Combined 

experiments using the solar disinfection process with the SORAS process in the continuous 

flow reactor were also carried out and evaluated.

The next topic was thermal enhancement and the potential for introducing a thermal 

synergistic effect to the continuous flow system. A range of experiments were carried out to 

investigate the impacts of heat and a combination of heat and UV, both at a laboratory scale 

and using the full scale continuous flow reactor. A new parabolic trough collector (PTC) was 

also designed and fabricated in order to increase the solar gain per tube, compared to the 

standard compound parabolic collector (CPC) design. The thermal profiles of the new PTC 

and the standard CPC were modelled and the calibrated models were used to predict the 

potential for temperature increase in both reactors in a developing country scenario.

The conclusions from experimental research and modelling were reached and finally a case 

study is presented, which includes an investigation of the challenges facing the sustainability 

o f water projects in developing countries. These findings were then put into context in 

relation to the continuous flow solar water disinfection system, using the experience of two 

field visits to the project pilot site in Kenya. These visits included implementation o f a project 

to rehabilitate the system and provide an alternative water source for the reactor, which was 

necessary due to prolonged drought conditions in the area. The conclusions drawn from the 

case study are then presented in terms of future piloting of the continuous flow system.
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Chapter 2 - Literature Review

2.1. Background

The use of sunlight to purify water is well documented. In about 2000BC, water was 

filtered through charcoal and exposed to sunlight to purify water in India (Acra et a l, 1984). 

There seemed to be an awareness that sunlight promoted wound healing and may be beneficial 

in preventing the spread of disease but it was Downes and Blunt (1877) who first conducted 

experiments to study the effect of light on bacteria and other organisms, confirming its 

bactericidal effect (Block, 2001). In 1887 Roux found that when his culture media was 

exposed to sunlight, the media became toxic to the spores of anthrax bacillus, while in 1892 

Ward investigated the connection between wavelength and bactericidal effect, finding that that 

blue light was more toxic than red (Bovie, 1916). In 1903 Barnard and Morgan, using a 

continuous arc current, found that the maximum bactericidal effect lay between wavelengths 

of 226 to 328nm, which is the ultra-violet radiation range (Fraise et al., 2012). In the 20'*’ 

century Acra et al. (1984) performed experiments which confirmed that the ultra-violet 

component of sunlight was responsible for its bactericidal effects. The use of sunlight 

(including photocatalytic processes) for water sterilisation is now well established and will be 

detailed in this review.

2.2. The Need for New Water Treatment Methods in Developing 

Countries

On a global scale humans use more than 50% of the earth’s renewable and accessible 

freshwater but statistics on availability of safe drinking water and the prevalence of 

waterborne diseases in the developing world are stark. Approximately 786 million people still 

lack access to safe drinking water and over 2.6 billion to adequate sanitation (UNICEF and 

WHO, 2012). More than 3.4 million people die each year from water, sanitation, and hygiene- 

related causes and 99 percent of these deaths occur in the developing world, among children
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under the age of five (WHO, 2008). Unsafe drinking water, along with poor sanitation and 

hygiene, account for 10% of the burden of disease worldwide (Rosa and Clasen, 2010) and in 

the developing world specifically at any given moment approximately half the population is 

suffering from one or more of the six main diseases associated with inadequate water and 

sanitation (Gadgil, 1998). These include diarrhoea, ascariasis, dracunculiasis, hookworm, 

schistomiasis and trachoma. Diarrhoea is caused by a number of microbial and viral 

pathogens found in food and water. Ascariasis, dracunculiasis, hookworm and schistomiasis 

are caused by infestation with various worms leading to disability, morbidity and sometimes 

death. Trachoma is caused by a bacteria and can result in blindness (Gadgil, 1998).

People living in remote rural environments or those living in slum areas of cities often 

cannot access adequately treated potable water. They are therefore forced to consume 

untreated surface water, groundwater or rain water and so are at risk from waterborne 

pathogenic microorganisms such as bacteria, viruses and protozoa. Even in cases where 

municipally treated water is available in urban areas, access can be restricted by landlords who 

place locks on standpipes and charge tenants fees for access. In these cases the municipal 

supply is often illegally tapped into, which increases the risk of contamination at the collection 

point and within the water supply system (Gadgil, 1998; McGuigan et a i,  2012; UNICEF, 

2012).

Between 1990 and 2010, over two billion people gained access to improved drinking water 

sources, such as piped supplies and protected wells. However these global figures hide huge 

disparities between regions and countries, as well as within countries. Only 61%> of the people 

in sub-Saharan Africa have access to improved water supply sources compared with 90% in 

Latin America, the Caribbean, Northern Africa and large parts of Asia. Almost half of the two 

billion people who have gained access to drinking water since 1990 live in China or India and 

over 40% of all people globally who lack access to drinking water live in sub-Saharan Africa 

(UNICEF and WHO, 2012).

6



Literature Review

In many countries, the wealthiest people have seen the greatest improvement in water and 

sanitation access, while the poorest still lag far behind, hi Sierra Leone, for example, the 

wealthy elites of the urban population have almost universal access to decent services, 

compared with 10% of the poorest in rural areas. In rural areas of least developed countries, 

97% of people do not have piped water and 14% of the population drink surface water, from 

rivers, ponds or lakes. An estimated 96% of the urban population globally has improved water 

supply sources, compared with 81% of the rural population (Ford, 2012; UNICEF and WHO, 

2012).

2.3. Water Treatment in Developing Countries

Drinking water is defined as water which is o f acceptable quality in terms of its physical, 

chemical and bacteriological parameters so that it can be safely used for drinking and cooking. 

In the developing world a number o f water treatment methods are employed including, among 

others, chlorination, filtration and solar disinfection. Water can be treated centrally prior to 

distribution, particularly in urban areas, or can be treated at the household level, which is 

common in rural environments. The issues of water quality requirements and water treatment 

methods as applied in developing countries will be examined in this section.

2.3.1. Water Quality Parameters and Acceptable Levels of Pathogens

Human pathogens causing waterborne illness are adapted to living in human intestines, 

where they find a dark, humid environment and temperatures ranging between 36 and 37°C. 

Once pathogens are discharged into the environment, they are very sensitive to the harsh 

conditions outside the human body (Gelover et a i ,  2006). The WHO states that ‘infectious 

diseases caused by pathogenic bacteria, viruses and parasites (e.g. protozoa and helminths) are 

the most common and widespread health-risk associated with drinking water’ (WHO, 2011). 

Waterbome diseases include diarrhoea, cholera, typhoid fever, hepatitis A, amoebic and 

bacillary dysentery, as well as other diarrhoeal diseases (Meierhofer and Landolt, 2009).
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Transmission of waterborne infectious diseases is primarily through contaminated water 

sources. Table 2.1 shows a list of pathogens which can be transmitted through drinking water.

Table 2.1 Pathogens transmitted through drinking-water (WHO, 2011).

Persistence Resistance Im p o rta n t
Health in w a te r to Relative anim at

Pathogen significance^ supp lies ' chlorine** in fe c tiv ity * source

Bacteria
Burkholderia pseudomallei High May m ultip ly Low Low No
Campylobacter JeJunl, C. coll High MocJerate Lew Moderate Yes
Escherichia coll -  Pathogenic' High Moderate Low Low Yes
£  coll -  Enterohaemorrhagk: High Moderate Low High Yes
Franclsella tularensls High Long Moderate High Yes
Legionella spp. High May m ultip ly Low Moderate No
Leptospira High Long Low High Yes
Mycobacteria (non- 
tuberculous)

Low^ May m ultip ly High Low No

Salmonella Typhi High Moderate Low Low No
Other salmonellae High May m ultip ly Low Low Yes
Shigella spp. High Short Low High No
Vibrio cholerae High Short to long^ Low Low No
Viruses
Adenoviruses Moderate Long Moderate High No
Astrovlruses Moderate Long Moderate High No
Enteroviruses High Long Moderate High No
Hepatitis A virus High Long Moderate High No
Hepatitis E virus High Long Moderate High Potentially
Noroviruses High Long Moderate High Potentially
Rotaviruses High Long Moderate High No
Sapoviruses High Long Moderate High Potentially
Protozoa
Acanthamoeba spp. High May m ultip ly High High No
Cryptosporidium hom lnis/ High Long High High Yes
parvum
Cyclospora cayetanensis High Long High High No
Entamoeba histolytica High Moderate High High No
Giardia Intestlnails High Moderate High High Yes
Naeglerla fowlerl High May multiply^ Low Moderate No

H elm in ths
Dracunculus mediriensis High Moderate Moderate High No
Schistosoma spp. High Short Moderate High Yes

Water is contaminated by excreta of humans and animals that are carrying the disease or 

already displaying symptoms themselves and it is the uncontrolled transmission of faecal-oral
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pathogens that is at the root o f the diarrhoeal diseases pandemic. Infection spreads if 

contaminated water is used for drinking, cooking, washing, bathing or if it is inhaled. Water 

and excreta-related pathogens can also be spread by person to person contact, contact with 

contaminated soil and surfaces, food, and flies (Gadgil, 1998; Schmidt and Cairncross, 2009; 

Ali, 2010). Figure 2-1 shows the major transmission pathways of intestinal pathogens 

(Schmidt and Cairncross, 2009).

food excreta in 
environm ent

infected 
hum an / 

anim al host

drinking
water

su sc ep t ib le  hunnan

Figure 2-1 Transm ission pathw ays of intestinal pathogens (Schmidt and Cairncross, 2009).

However, the introduction of various barriers can serve to disrupt pathogenic transmission 

and prevent infection. Fundamental transmission barriers include source water protection; 

adequate sanitation; personal hygiene; food hygiene; water treatment and safe water 

distribution. Sanitation preserves environmental hygiene by preventing faecal contamination 

of source waters, including groundwater and surface water, as well as the ambient 

environment (Ali, 2010).

The relative importance of waterborne transmission, of diarrhoeal or intestinal pathogens in 

particular, in relation to other transmission routes is a matter for debate. Transmission in 

drinking water is just one of several pathways for diarrhoeal pathogens and for example is not 

a dominant pathway for trachoma, intestinal helminths and schistosomiasis. However, it is
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likely that waterborne transmission may be much more important in some settings than in 

others, either throughout the year or during a particular season (often the wet season, but in 

some settings the dry season, when drinking water may be more heavily contaminated with 

wastewater used for irrigation). The different pathways may also interact and, for example, 

bacterial pathogens transmitted by water may at times come into contact with food where they 

can multiply and reach an infective dose (Ali, 2010).

Moe et al. (1991) observed that in places where drinking water quality is good to moderate 

(i.e. Escherichia coli concentration of 1 CFU/lOOml and 2-100 CFU/lOOml respectively), 

non-drinking water pathways, including foodbome or direct unsanitary transmission, may be 

more important for the spread of diarrhoeal disease. However, where drinking water is highly 

contaminated (i.e. greater than 1,000 CFU/lOOml of E. coli), it becomes a dominant 

transmission route and so water treatment and safe distribution are the primary areas of 

concern (Ali, 2010).

The minimum infection dose (the smallest number of ingested pathogens necessary to 

cause disease) for the average healthy adult varies widely for various microorganisms. The 

dose ranges from just a few organisms for Salmonella typhi (to produce typhoid), several 

hundred for Shigella flexneri (to cause dysentery), several million cells o f Salmonella serotype 

needed to cause gastroenteritis, to as many as a hundred million cells of Vibrio cholerae 

needed to produce cholera. Age, health, nutritional and immunological status of the exposed 

person also affects the minimum infectious dose (Gadgil, 1998).

Methods to determine the concentration of specific bacterial contaminants in water are 

generally complex and time consuming. The presence of an indicator bacterial species is 

therefore used instead to indicate the presence of faecal contamination. The characteristics of 

an indicator organism are:

• Can be easily isolated and enumerated.
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• Is present in very large numbers in normal faecal matter of humans and other 

warm-blooded animals (potential carriers of human pathogens).

• Is more resistant to disinfection than the pathogens.

• Does not multiply in water and its persistence in water is comparable to that of the 

faecal pathogens.

• Is generally absent from other sources (e.g. vegetable matter, soils etc.) of bacteria 

coming in contact with water.

Thus the presence of the indicator organism will signal faecal contamination and possible 

presence o f pathogens and its absence will suggest that the water is probably free of pathogens 

(Gadgil, 1998; Wright et al., 2004).

E. coli is generally accepted as the standard indicator organism for faecal contamination of 

water and for possible presence of faecal pathogens. The presence of coliforms indicates 

some form of faecal contamination due to cross contamination, inadequate treatment or lack of 

residual disinfectant in distributed water (Hindiyeh and Ali, 2010). The absence of coliforms 

from disinfected water does not necessarily indicate absence of enteroviruses and the cysts of 

Cryptosporidium, Giardia, amoebae and other parasites, however (Gadgil, 1998; Wright et al., 

2004).

In a study carried out by Gundry et al. (2003), the relationship between water quality at 

point of use and general diarrhoea and cholera was investigated. For cholera, a clear 

relationship was found with contaminated water. For general diarrhoea, however, no clear 

relationship was found with point of use quality. One explanation is that unlike cholera, 

which results from infection with a single bacterial species, a variety of pathogens can lead to 

diarrhoea. This indicates a potential mismatch between water quality indicators and diarrhoeal 

pathogens, which would suggest caution is required when using indicator pathogens only in 

trials (Gundry et a l, 2003).
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There is no minimum value for the tolerable level of pathogenic contamination o f drinking 

water. For drinking water, WHO recommends that E. coli or thermotolerant coliforms must 

not be detectable in any 100ml sample. Both WHO and USEPA recommend regular sampling 

of treated water supplies and not more than 5% of the samples in any 12-month period should 

test positive for E. coli or thermotolerant coliforms. WHO does not recommend a minimal 

viral guideline for drinking water, as even a single virus particle is sufficient, in principle, to 

induce disease. Enumeration of viruses in water samples is significantly more complex, 

costly, and time consuming than bacterial analysis. WHO also sets no guidelines for 

pathogenic protozoa, helminths, and free-living organisms in drinking water, other than that 

these agents should not be present in drinking water, because one or very few organisms can 

induce infection in humans. WHO guidelines for chemical contaminants (for example, 

arsenic, fluoride, nitrate etc.) are comprehensive (WHO, 2011), but are not the focus of this 

research.

WHO acknowledges the great difference between the reality in developing countries and 

the guidelines and states that in the great majority of rural water supplies in the developing 

countries, faecal contamination is widespread. According to the World Bank, ‘In most 

developing countries the imperative is to get from “bad” quality (say more than 1000 faecal 

coliforms per 100ml) to “moderate” quality (less than 10 faecal coliforms per 100ml), not 

necessarily to meet the stringent quality standards of industrial countries’ (World Bank, 1992).

Other water attributes o f significance include colour, turbidity, odour, taste etc., as these 

affect the acceptability of drinking water. Their impact on health is far less significant than 

biological and chemical contaminants but they are an important consideration in the success of 

water interventions. For example, unacceptable taste can lead to people using more unsafe 

sources o f water than borehole or well water, as can be the case with wells drilled in African 

precambian basement rock, where elevated manganese and iron levels while not damaging to 

health can make water taste unpleasant (MacDonald and Davies, 2000).
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2.4. Disinfection of Water

Disinfection is a stage in the water treatment process, which serves to inactivate pathogenic 

microorganisms in order to prevent the spread of waterborne disease. Sterilisation, the 

complete destruction of all living matter, is not the aim of disinfection.

The requirements of a good disinfectant are that it should:

•  Be toxic to micro-organisms at concentrations well below the toxic threshold to 

humans and animals.

• Have a fast rate of kill.

• Be persistent enough to prevent recovery of organisms in the distribution systems.

The rate o f destruction of micro-organisms is often represented as a first-order chemical 

reaction which displays a linear decay with respect to time, which is known as Chick's Law

(Kiely, 2007):

Equation 2-1
dt

In =  - k t Equation 2-2

Equation 2-3

where. Nt = number of organisms at time t

No = number of organisms at time zero

k = rate constant characteristic of the type of disinfectant, 

microorganism, and water quality of system

(Kiely, 2007)
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Water disinfection methods can be classified into three broad categories: chemical, physical 

and photochemical. When deciding the most suitable water treatment option, a number of 

elements should be considered including water quality, water utilisation or disposal methods, 

ecological concerns and economic factors. In developing countries, water treatment options 

common in westernised nations may not be suitable as the finances and resources needed to 

manufacture, install and maintain complex or energy/ chemical intensive systems are simply 

not available. Treatment methods need to be low cost, low maintenance, reliable and 

inexpensive to construct. Some suitable options include solar disinfection, solar heating/ 

pasteurisation, chemical disinfection, and passive filters based on porous ceramic, 

diatomaceous earth, and sand. The most commonly used industrial scale disinfectants used in 

developed countries include:

• Chlorine dioxide

• Chloramines

• Ozone

• UV radiation

• Chlorination

(Kiely, 2007)

2.4.1. Chemical Disinfection

Chemical disinfection methods are based on the oxidation potential o f chemicals which can 

oxidise and damage the cell wall o f the microorganisms and eventually cause lethal damage. 

The most used chemicals include chlorine (CI2), hypochlorites (CLO ), chloramine (RNHCl), 

chlorine dioxide (CIO2 ), bromine (Br2) and ozone (O3). If the standard oxidation potential of

these chemicals is considered to be the only factor controlling the effectiveness o f the

disinfection process, then their efficacy decreases in the following order:

O3 >  CI2 >  Br2 >  CIO2 > CIO' >  RNHCl
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However, the selection o f the disinfectant agent is much more difficult, since its germicidal 

properties are also dependent on other factors, related to water quality parameters, such as 

suspended solids, oxidisable organic and inorganic materials, dissolved oxygen, pH, 

temperature, all of which can adversely affect disinfection. Depending on these water 

characteristics, the dose of disinfection governs the efficiency of the operation. Dose is 

considered to be a combination of disinfectant concentration and contact time.

Drawbacks of chemical disinfection include the formation and release of organic oxidation 

products, which are regarded as toxic for humans and aquatic life. In addition the manufacture 

of chlorine and its derivatives, and their storage, transport and use pose a continuous threat to 

operators and the environment. Ozone escaping from water during the disinfection operation 

is highly toxic and ozone can oxidise bromide ions present in water to toxic bromate ions 

(Acher e /a /., 1997; Kiely, 2007).

2.4.2. Physical Disinfection

Physical disinfection methods are based on mechanical retention of microorganisms from 

water by filtration using synthetic membranes or sand filters. Membrane filtration is the 

physical retention of particles behind a filter medium while the liquid they were suspended in 

passes through the filter (under pressure). Particles are retained because they are larger than 

the pores in the filter. Other factors affecting retention are fluid viscosity and chemical 

interactions between the membrane and the particles in the solution. Microfiltration (MF) 

removes particles with a pore size of 0.1 to 10.0 |am, while for ultrafiltration (UF) the pore 

sizes are considerably smaller (0.01 to 0 1 nm). During UF solute? â ’e retained behind the 

filter on the basis of molecular size, while the bulk of the liquid and dissolved salts pass 

through. A pressure gradient across the membrane, known as transmembrane pressure, drives 

the filtration process. As shown in Figure 2-2, MF can be used to remove bacteria and cysts, 

while UF can successfiilly remove smaller viruses. These filtration methods tend to be very 

efficient in terms of quality of effluent, energy and space requirements, as well as ease of 

operation and maintenance (Millipore, 2014; 3R Technology, 2014).
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Nano filtration (NF) uses mesh sizes of 0.001 to 0.01)Lim and reverse osmosis (RO) 

removes even smaller particles of 0.0001 to 0.001 |j,m. Both systems are used for separation 

of dissolved salts and ions and can be more efficient and economical than comparable 

processes such as evaporation. These methods are usually used in combination with other 

disinfection methods and are often employed as a pre-treatment to disinfection (Millipore, 

2014; 3R Technology, 2014).
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Figure 2-2 Types of filtration (Millipore, 2014).

Since UF is a low pressure process (typically 1.0-5 bar), the required energy is significantly 

lower than that used in nanofiltration and reverse osmosis units, which operate in the range 5- 

20 bar and 10-100 bar, respectively (Davey and Schafer, 2009). UF is suitable for treating 

surface waters, while NF or RO are required if salinity or trace contaminants are of concern. 

UF is reliable, simple, and energy efficient and is suitable for small decentralised systems. 

The energy requirements can be met in various ways using grid power (where available), 

renewable resources such as solar and wind, generators, handpumps or sometimes gravity
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(Davey and Schafer, 2009). Recent projects using gravity-driven ultra-filtration membrane 

filters for household use in Kenya have shown promising results (Derksen-Miiller et a l, 2012) 

but issues with regard to installation, maintenance, and technical sustainability and support 

need to be addressed if membrane filtration systems are to be employed on a wider scale.

Sand filtration can be a suitable option for developing countries, as it is a relatively 

inexpensive treatment. It can also be highly efficient and it has been shown that slow sand 

filters can successfiilly remove Giardia cysts from contaminated water (Bellamy et a l,  1985). 

Slow sand filters are an option where there is sufficient space, as the water must be passed 

very slowly through the filters and so a large surface area is required. The filters are carefully 

constructed using graded layers o f sand, with the coarsest sand and gravel at the bottom and 

finest sand at the top. Filtered water is collected at the base. Filtration depends on the 

development of a thin biological layer, called the Schmutzdecke, on the surface of the filter 

which is an essential part of the treatment process (Acher et al., 1997; Kiely, 2007). Biosand 

filters are a small household version of the traditional sand filter and these, as well as domestic 

ceramic filters, have been used with a large degree of success in many developing countries 

(Clasen et al., 2006; Clasen and Boisson, 2006; Stauber et al., 2009).

2.4.3. UV Water Treatment

Artificial ultra-violet (UV) radiation produced by mercury (Hg) arc lamps is also used to 

treat contaminated water. UV radiation is broken down into UV-A in the range 315 to 400 

nm, UV-B from 280 to 315 nm and UV-C from 200 to 280 nm. UV-C has a major 

disinfecting effect and this is the range which artificial UV lamps for disinfection focus on (as 

compared to solar disinfection, which utilises UV-A). UV radiation acts on bacterial DNA 

resulting in the fonnation of pyrimidine dimers which inhibit normal functioning of bacterial 

cells. If the UV dose does not reach the required lethal dose, however, the bacterial cells are 

able to repair the damaged DNA by enzymatic processes such as photoreactivation (see 

Section 2.7).
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The characteristics of the UV radiation emitted by the lamps depend on their Hg vapour 

pressure, on the chemical composition of the quartz tube, on the electrical power input and on 

working conditions. Low-pressure Hg lamps are less than 200 W input and the spectral 

radiation from a low pressure mercury plasma is dominated by the two ground state resonance 

lines at 253.7 nm and 185.0 nm. Radiation at 254 nm is well suited to the UV disinfection 

process and these lamps are usually 5-10 times more germicidal than the high and medium- 

pressure lamps, for the same electrical input. A breakthrough for economic UV-C generation 

was the introduction of low pressure amalgam lamps, which are no longer pure mercury lamps 

but a mercury amalgam (typically mercury/indium). These lamps provide high UV-C output, 

excellent lifetime, good UV efficiency, high temperature stability and enable operation in high 

ambient temperatures (Schalk et a l, 2005).

Medium and high pressure Hg lamps are very powerful (up to 5 kW input) and emit 

polychromatic radiation. The biggest advantage of medium pressure lamps is their very high 

specific UV-flux per unit arc length with up to 35 W/cm compared to amalgam lamps with 

approximately 1 W/cm . The benefit of high flux, however, is diminished by a far lower UV- 

C efficiency in the range of 5 -  15% (depending on lamp type) and a significantly shorter life 

time of at best 5000 hours, if the highest possible specific UV-flux is realised (Schalk et a l, 

2005).

UV treatment can be both environmentally and economically attractive for large scale water 

treatment when compared to traditional treatment methods such as chlorination (Acher et a l, 

1997). The UV fluence rate (W/m^) is the total radiant power of all germicidal wavelengths 

incident from all directions on an infinitesimally small sphere, while UV fluence or UV dose 

(J/m ) is the total radiant energy of all germicidal wavelengths incident from all directions on 

an infinitesimally small sphere. The UV fluence rate varies markedly throughout a UV 

reactor, so more than one UV sensor is required to monitor the UV fluence in a reactor. For 

drinking water treatment, a minimum UV fluence of 400 J/m has been established by the 

German Association on Gas and Water (1997) and by the Austrian Standards Institute (2001) 

and all UV disinfection equipment should be capable of delivering this (Jungfer et a l, 2007;
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Bolton, 2000). The UV fluence (UV dose) is related to an equivalent log reduction for 

different microorganisms and the required dose needed to treat different water qualities must 

be verified for each particular UV system.

2.5. Solar (Photolytic) Disinfection of Water

The toxicity of by-products found in water treated by chlorination, the hazards in handling 

these disinfection agents, the energy required to operate UV lamps and the high human and 

environmental toxicity of ozone escaping into the atmosphere during ozonation, prompted 

research into more environmentally friendly treatment methods. Solar disinfection, which 

uses the UV fraction of sunlight to achieve disinfection, can provide an alternative solution 

(Acher et a l, 1997). The microbiocidal properties of natural sunlight have been well 

documented since originally examined by Downes and Blunt in 1877 (Block, 2001). They 

found that test tubes containing Pasteur’s solution left in sunlight remained bacteria free, while 

those kept away from sunlight allowed bacteria to grow. Further examination revealed that 

UV light was the most probable cause of disinfection, as more bacterial growth was seen in 

test tubes stored in red and yellow glass boxes than in blue and clear glass (Downes and Blunt, 

1877).

Solar radiation includes UV, visible and infrared radiation. As shown in Figure 2-3, visible 

light ranges from 400 to 750 nm and infrared radiation extends from the nominal red edge of 

the visible spectrum at 750 nm to 1mm. UV radiation between 100 and 400 nanometres is 

mostly absorbed by the stratospheric ozone layer and the minimum wavelength ever recorded 

at sea-level was 284 nm. The radiation energy reaching the earth’s surface between 400 and 

284 nm (called UV-A from 315 to 400 nm and UV-B from 290 to 320 nm) is less than 3% of 

global radiation, depending on location and meteorological conditions (Acher et al., 1997).
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Figure 2-3 Solar irradiance spectrum (Pagliaro et al., 2008).

Solar radiation has been identified as the most important factor in the inactivation process 

of allochthonous microorganisms in natural waters (Davies et al., 2009). Research has 

narrowed down the most effective band of UV for disinfection to UV-A, as it includes about 

95% of the higher energy ultraviolet wavelengths. It is estimated that half of the bactericidal 

effect o f sunlight maybe attributed to wavelengths lower than 370 nm (Davies et al., 2009). 

Visible solar light and UV radiation above 370 nm are generally considered not to have any 

microbiocidal effect (Acher et al., 1997) but some authors suggest that even visible light is 

harmful to bacteria (Dejung et al., 2007; Ubomba-Jaswa et al., 2009). Acra et al. (1984) 

concluded that visible light wavelengths accounted for 30% of bacterial inactivation.

2.5.1. Mechanisms of Photolytic Disinfection

The sun’s UV-A, red and infrared radiation inactivate pathogens using three mechanisms:
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1. UV-A absorbance by DNA can cause adjacent thymine bases to covalently bond to 

form thymine dimers. These can prematurely terminate DNA replication and incorrect 

repair o f thymine dimers can also cause mutations.

2. Natural dissolved organic matter absorbs UV-A to induce photochemical reactions
'y ,

which create highly reactive species such as superoxides (O '), hydrogen peroxides 

(H2O 2), and hydroxyl radicals ( OH). These can damage microorganisms by oxidising 

cellular components.

3. Water strongly absorbs red and infrared light creating heat. Temperatures higher than 

the maximum growth value o f the organism cause denaturation, which impedes protein 

function and may kill the organism. Synergistic UV and thermal effects are observed 

at water temperatures above 45°C. (Oates et a i ,  2003; Ahammed, 2008; Meierhofer 

and Landolt, 2009)

2.5.2. Photolytic Disinfection Methods

A variety o f disinfection systems using the basic solar disinfection principle have been 

tested over the past number o f decades and these can largely be grouped into batch and 

continuous flow solar systems, both o f which will be examined in this section.

2.5.2.I. Batch Photolytic Disinfection Methods

SODIS (solar water disinfection) is the most common and simplest solar disinfection 

system. It is a batch method o f  treating water and consists o f filling clear two litre 

polyethylene terephthalate (PET) bottles with water and exposing them to sunlight for six 

hours, after which pathogenic pathogens are inactivated or destroyed. Figure 2-4 illustrates 

the basic SODIS method for household use.
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Figure 2-4 SODIS method (Africadev, 2014).

Up to three litres of water can be treated at a time in clear bottles or bags and two days of 

consecutive exposure are needed under skies with more than 50% cloud. Preliminary 

treatment such as filtration is recommended if turbidity is greater than 30 NTU. The system 

has been shown to be effective against a wide range of bacteria and viruses (Meierhofer et al., 

2002; McGuigan et al., 2012). The concept is simple and so it is ideal for individuals, 

households, small communities and reftigee camps. The SODIS method is currently used by 

an estimated 4.5 million regular users worldwide, predominately in Africa, Latin America, and 

Asia, and is recognised and promoted by the WHO, UNICEF, and the Red Cross as an 

effective household water treatment method for developing countries (Byrne et a l, 2011; 

McGuigan et al., 2012; EAWAG, 2014).

Drawbacks to the basic SODIS system include the time needed to ensure treatment (six 

hours in full sunshine or two days in cloudy conditions) and only a small volume o f water can 

be treated (up to three litres, beyond which UV penetration becomes insufficient). In addition, 

the user has no means of knowing when water has been treated sufficiently (Polo-Lopez et al., 

20II). SODIS reactor bottles are also only illuminated on the upper side, so a large fraction of
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the available radiation cannot actually reach the water. Placing bottles on corrugated roofs can 

improve the effect as sunlight is reflected off the roof and bottles need to be lying lengthways 

in order to ensure sufficient penetration o f the UV rays (Navntoft et a i,  2008).

Efforts have been made over recent years to address the drawbacks o f the basic SODIS 

system. Martin-Dominguez et al. (2005) carried out research in a rural community of Mexico 

to verify the efficiency of solar disinfection under practical application conditions. A number 

of variations to the basic SODIS system were tested under real conditions including bottle type 

(transparent, black stripe painted lengthways, totally painted black); solar concentrators with 

different reflecting materials (mirrors, self-adhering aluminium and aluminised duct tape); and 

solar concentrators of different design (square, rectangular, compound double parabola). 

Results showed that after exposing bottles to sunlight for the whole day, total elimination of 

up to 5 X 10  ̂ total coliforms (TC) (MPN/100ml) was achieved with all options except for the 

system which had the bottle painted completely black.

Hindiyeh and Ali (2010) showed that efficiency of SODIS disinfection can be enhanced by 

use of aluminium foil or mirrors placed behind bottles and little or no bacterial regeneration 

was observed up to seven days after this enhanced SODIS treatment for total heterotrophic 

bacterial count (THBC), TC and Pseudomonas aeruginosa. Lenses were also used to enhance 

the process but only had a marginal impact in terms of improving efficiency.

Mani et al. (2006) investigated the enhancement of solar disinfection using custom-made 

batch reactors with reflective (foil-backed) or absorptive (black-backed) rear surfaces. The 

addition of either an absorptive or a reflective backing was shown to enhance performance 

under strong sunlight but the reflective reactor was the only system to show consistent 

enhancement under low sunlight, when the process was slowest. The enhanced effectiveness 

of the absorptive reactor in strong sunlight may have been linked to the increase in maximum 

temperature seen in full sunlight, which resulted mainly from the absorption of solar infra-red 

radiation by the back-painted rear surface. In contrast, the slightly reduced rate of inactivation 

under overcast conditions may have been due to the fact that an unpainted (transmissive) rear
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surface may reflect back some UV/visible radiation, especially for sunlight at acute angles to 

the surface, whereas a black-painted rear surface would not.

The use of ‘SODIS bags’ as an alternative to PET bottles is also being tested as a way of 

maximising the illuminated area and penetration of UV. Dunlop et al. (2011) investigated the 

inactivation and injury o f E. coli during solar and photocatalytic disinfection in low density 

polyethylene (LDPE) bags, which showed favourable results compared to the standard SODIS 

bottle. These bags could be used successfully in emergency situations where the supply of 

PET bottles would be limited, as bags can be easily packed and transported. Various SODIS 

bag models are also being tested in Bolivia, DR Congo, Kenya, Nepal and Nicaragua by 

Saladin (2010).

2.S.2.2. Continuous Flow Photolytic Disinfection

One of the main drawbacks of the SODIS system is its inability to treat large volumes of 

water and so maximise the use of available solar radiation. Some continuous flow systems 

have been designed, including the system examined in this research, in order to address this 

constraint but the vast majority of research continues to centre on batch systems for household 

use.

Research on photolytic continuous flow systems has tended to focus on detoxification of 

water contaminated with chemical compounds but a number o f systems for water disinfection 

have also been investigated, which have demonstrated effective treatment of water. Acra et al. 

(1990) tested two separate solar reactors in Beirut in the late 1980s, which proved effective 

against Streptococcus faecalis, coliforms and E. coli. Vidal and Diaz (2000) performed 

experiments at both the pilot scale and the laboratory scale with results showing the 

inactivation of E. coli and Enterococcus faecalis. McLoughlin et al. (2004a) and McLoughlin 

et al. (2004b) examined small-scale continuous flow reactors using different shaped collectors. 

Results showed effective photolytic treatment of E. coli, with CPC reflectors proving to be the 

most efficient in terms of inactivation rates. Rincon and Pulgarin (2004b) carried out tests on
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a CPC photoreactor to investigate E. coli inactivation and also showed effective treatment of 

E. coli. Ubomba-Jaswa et al. (2009) examined recirculating photoreactor systems with 

volumes of 14 and 70 litres. Water was exposed to sunlight for 5 hours but findings revealed 

that the interrupted nature of the UV dose, due to the recirculating nature of the system, had a 

negative effect on disinfection (see Section 2.5.3.2). Polo-Lopez et al. (2011) developed a 

single-pass sequential batch photoreactor. The enhanced CPC photoreactor with a 

concentration factor of 1.89 automatically dispensed treated water into a collection tank, once 

a pre-determined UV-A dose had been received. (See Section 2.11.2.)

Gill and Price (2010) installed a pilot once-through continuous flow solar disinfection 

system in a rural village of Kenya, serving over 500 people. The system consisted o f eight 

modules o f ten 1.5m clear borosilicate glass pipes, through which water was gravity fed from 

a river dam. CPC reflectors enhanced the UV radiation penetrating the pipes and treated water 

was collected into central storage tanks. The residence time in the system was 20 minutes and 

up to 5,000 litres of water was treated per day, with initial bacterial results indicating good 

quality water. (See section 2.8.1.)

Fabbricino and d'Antonio (2012) studied thermal effects on a pilot scale continuous plug 

flow reactor capable of serving about six people. As shown in Figure 2-5, the reactor 

consisted of a rectangular glass box (0.75 m x 0.75 m x 0.11 m), divided by thin walls into 16 

columns. Each column was equipped with a sample port to draw out samples at different 

retention times and with a thermocouple for water temperature control. Tests were also 

carried out with the lower part of the reactor blackened out and with the use of a solar 

concentrator made of flat cardboard pieces, 0.5 m x 0.75 m, covered with aluminium foil and 

placed in the periphery of the reactor. The reactor was fed with contaminated surface water 

(total coliform ranging from 5 to 7 x 10  ̂CFU/100ml) at a constant flow rate of 0.15 m^/hour, 

yielding a total retention time of about 15 minutes in each column and 240 minutes in the 

whole reactor. Temperature was found to play an important role in the disinfection process, 

even in cases of limited solar radiation intensities. The solar concentrator facilitated better
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performance and the highest temperatures achieved with the solar concentrator were in the 

range of 65-70°C, while those reached without the solar concentrator were in the range of 55- 

60°C. A comparison between transparent and black-painted glass reactors shoved no 

difference.

water
level I 3 5 7 9 II 13 15 thermocouple

0.75 m

out

sampling
port

0.75 m

Figure 2-5 Continuous plug flow reactor (Fabbricino and d'Antonio, 2012).

The results from these initial studies of continuous systems indicate that they could be a 

viable way of treating larger quantities of water in the context o f developing countries. The 

advantages of continuous systems include increased volumes treated, maximised use of solar 

radiation and centralised treatment.

2.5.3. Factors Affecting Photolytic Disinfection Systems

A number of factors affect the photolytic disinfection process, which will be discussed in 

this section.
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2.5.3.1. Disinfection Kinetics

Classical disinfection kinetics, applied to chlorination, UV mercury lamps and other 

disinfection systems, predict a first order linear decay with respect to time as described by 

Chick’s Law. In order to design a solar disinfection reactor, a decay coefficient needs to be 

established but the definition o f the decay coefficients used by different groups involved in 

solar disinfection research varies with no single standard yet adopted. The logarithmic 

reduction in viable organisms over time suits experiments carried out under fixed operating 

conditions, such as one microorganism being directly compared with another under identical 

conditions under a solar simulator at a fixed intensity but is less useful for experiments 

conducted in real sunlight, since it does not distinguish between tests carried out under varying 

solar intensities at different times o f the day, year or weather conditions. Therefore for trials 

carried out in real sunlight conditions it has been considered more appropriate to define the 

disinfection kinetics based upon the cumulative UV dose received (Quv) as outlined below 

(Gill and McLoughlin, 2007).

The UV-A dose can be calculated using the following equation:

Q u v a   ̂~ 1 ^ . d t { s ) C  Equation 2-4

where UVgn is the solar irradiance (320-400 nm) incident upon the reactor; dt is the 

exposure time; and C is the concentration factor o f  the reflector. C is a dimensionless number 

that defines the multiplication factor by which sunlight is concentrated at the receiver/absorber 

(Polo-Lopez et a i ,  2011).

UV-A dose can also be presented as:

=  N Equation 2-5

and Quv (kJuv/litre) is defined according to the cumulative equation:
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AtMFr„A
Quv.r, =  Quv,nA + -------------—  Equation 2-6

Vj

where Quvn, Quvn-i is the cumulative irradiated UV energy received per litre o f sample at 

times n and n-1; At„ the time interval between sampling times; U V gn (W/m^) the average 

incident radiation on the irradiated area; A the irradiated area; the total circulating volume; 

k (litre/kJuv) is the inactivation constant (Gill and McLoughlin, 2007; Gill and Price, 2010).

The suitability o f simple linear kinetics for both solar and photocatalytic disinfection has 

been questioned, however, and alternative, more complex, models have been developed (Gill 

and McLoughlin, 2007). Some models aim to capture the initial lag often observed in batch 

reactor experiments (Salih, 2003; Sunada et a i ,  2003), while other research suggests that 

different kinetic models should apply, depending on environmental conditions, including an 

asymptotic decay model for mixed cultures in natural waters or the shoulder curve for 

monocultures in batch experiments (Fenner and Komvuschara, 2005). However, experiments 

carried out by McLoughlin et a i  (2004a) and McLoughlin et al. (2004b)) in continuous flow 

reactors did not exhibit the initial lag commonly seen in SODIS reactors, probably due to their 

more optimal hydraulic and optical design.

Finally, Rincon and Pulgarin (2004b) have suggested that solar dose may not be an 

appropriate parameter to describe solar photocatalytic processes due to the non-linear 

relationship between light intensity and disinfection and proposed the use of the term effective 

disinfection time, EDT, instead. This was defined as the treatment time necessary to avoid 

bacterial recovery and repair after 24 or 48 hours incubation or storage in the dark, following 

phototreatment. They suggested that EDT was dependent not only on the chemical 

characteristics o f water, the type and concentration o f bacteria, and the reactor geometry but 

also on the UV and visible composition o f sunlight spectra in different geographic locations, 

seasons and times o f day.
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2.S.3.2. Sunlight Intensity and Nature of Cumulative UV-A Dose Delivery

Depending on latitude, altitude, and solar elevation, the intensity of radiation and the 

proportion o f UV wavelengths present in sunlight can vary enormously. The most favourable 

latitudes for solar disinfection, which provide the optimum UV intensities have been identified 

and are shown in Figure 2-6. Areas between 15 and 35 degrees of latitude are the optimum 

zones and it is notable that most developing countries lie in areas which are favourable to solar 

disinfection.

Davies et al. (2009) carried out research on the effectiveness of solar disinfection at 

temperate latitudes (34°S) using water representative of the three main water pathogen groups; 

bacteria, protozoa and viruses. Water seeded with Enterococcus faecalis, Clostridium 

sporogenes spores and P22 bacteriophage, was exposed to natural sunlight in 30 litre reaction 

vessels. Experiments ran for 6 hours and while temperatures required for thermal synergistic 

effects were not achieved, photolytic treatment alone appeared to provide a viable means for 

disinfecting water by 4 to 6 orders of magnitude (when water was not coloured or turbid).

80*

Wr

15-

Figure 2-6 Worldwide distribution of solar radiation indicating feasibility of solar applications (Acra et 
al., 1984).
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In terms of the relative importance of UV-A dose and intensity, Dejung et al. (2007) 

showed that the SODIS process depended mainly on the radiation dose an organism was 

exposed to and a UV irradiation intensity exceeding 12 W/m did not significantly increase the 

inactivation constant. Polo-Lopez et al. (2011) found that exposure to a UV-A dose of 

approximately double the minimum lethal dose halved the total time needed to treat 2.5 litres 

o f water in a CPC photoreactor with a concentration factor o f 1.89. In addition, doubling the 

dose eliminated the need for any post-exposure period of time to complete inactivation. 

Gomez-Couso et al. (2009) investigated the impact of radiation intensity, water turbidity and 

exposure time on the survival of Cryptosporidium during solar disinfection and found that the 

parameter with the greatest effect was the intensity of radiation. Global solar intensity levels 

greater than 600 W/m^ and times of exposure between 8 and 12 hours were required to reduce 

the oocyst infectivity in water samples with different degrees o f turbidity.

Ubomba-Jaswa et al. (2009) demonstrated that SODIS inactivation from approximately 10  ̂

CFU/ml to below the detection limit of 4 CFU/ml for E. coli, was a function of the total 

uninterrupted dose delivered to the bacteria. They found that the minimum dose or ‘lethal 

dose’ per unit volume should be greater than 8.6 kJ/litre (where the irradiated surface was 0.2 

m^ and the total volume was 2.5 litres) in the spectral range o f 295-385 nm. They proposed 

that to ensure complete inactivation to below the limit of detection, this dose needed to be 

received regardless of the incident solar UV intensity (between 14 and 40 W/m ) and should 

be delivered in a continuous and uninterrupted manner. The lethal dose value also depended 

on the level and nature of contamination, and on the physical and chemical properties of the 

water. In addition, following the lethal UV-A dose, a 2 hour post-exposure period was 

observed to be necessary before complete disinfection. In experiments using a recirculating 

system, the authors found that bacteria were not completely inactivated after 5 hours o f strong 

sunlight and a cumulative dose greater than the minimum was required. This showed that 

inactivation of bacteria was more effective when bacteria were exposed to minimum lethal 

UV-A doses over a short period of time, rather than repeated sub-lethal doses over a longer 

period of time (in the recirculating system) and they concluded that cells may have an
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opportunity to recover or repair in dark periods between sub-lethal doses (Ubomba-Jaswa et 

al., 2009).

Rincon and Pulgarin (2003) also reported that light intensity and extent of continuous 

irradiation had a positive effect on disinfection. It was found that an almost continuous 

irradiation induced total inactivation of 10 CFU/ml o f bacteria after 30 min of illumination, 

whereas with the same accumulated time of intermittent illumination activity dropped from 

10  ̂ to 10  ̂ CFU/ml. Like Ubomba-Jaswa et al., they concluded that dioring the interruption of 

illumination bacteria had time to recover using self defence mechanisms. Stopping irradiation 

at the beginning of phototreatment was observed to favour autorepairing mechanisms and 

consequently increased the required time to complete disinfection but a short time of darkness 

after a long period of illumination did not affect the inactivation rate of bacteria. Pezzoni et 

al. (2012) also found that the exposure of Pseudomonas aeruginosa to low UV-A doses 

induced an adaptive response that protected against cell death induced by high doses and 

caused an increase in the resistance to osmotic stress.

Other research, however, has shown that light intermittency has no significant impact on 

inactivation or can actually improve inactivation. McLoughlin et al. (2004b) investigated 

photolytic experiments on E. coli using three compound parabolic collector (CPC) collectors 

in series and observed that the same level of inactivation was reached when the three reactors 

were exposed to sunlight, as when two of the reactors were covered. Contributing factors 

including mechanical stiess or increased temperature were ruled out as possible causes for 

inactivation and it was suggested that the phenomenon could be due to a stroboscopic shock 

mechanism induced by the bacteria being exposed to an intermittent pattern of light and dark. 

Gill and McLoughlin (2007) compared a small scale one litre recirculating continuous flow 

reactor with a one litre batch reactor under identical conditions and inactivation was not 

negatively impacted by recirculation. They found the continuous system to be more efficient 

when the actual illuminated time for each was compared (as opposed to total time, which 

included periods in darkness for the continuous flow system).
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Misstear et al. (2013) conducted laboratory scale continuous flow experiments using 

different lengths of intermittent light and dark periods during the UV photolytic and 

photocatalytic disinfection o f E. coli in a CPC. During photolytic experiments it was observed 

that the number of dark and light periods did not significantly impact disinfection, once the 

illuminated area was kept constant, although patterns with fewer light and dark periods 

performed slightly better. It was also noted that in terms of cumulative UV dose, an increase 

in the illuminated area reduced the efficiency of disinfection. During photocatalytic tests, 

increased inactivation was observed when the frequency o f light and dark periods was 

increased, while keeping the illuminated area constant. Samples were also tested for 

reactivation and repair 24 and 48 hours post-irradiation, after being incubated at 37°C in the 

dark. No reactivation was observed for samples treated photocatalytically for at least 60 

minutes for all configurations but a minimum of 180 minutes was needed to prevent 

reactivation for photolytic tests.

It has also been shown that the response of different microorganisms towards intermittent 

irradiation varies for each organism, with some showing increased inactivation such as B. 

pumilis spores (Pham et al., 1995) and MS2 bacteriophage (Laot et a l ,  1999). Consequently 

it is essential to determine for each microorganism the minimum illumination time 

(intermittent or continuous) required to induce an irreversible bacterial inactivation when 

illumination is stopped (Rincon and Pulgarin, 2003).

2.5.3.3. Microorganism Type and Physiological State

Photolytic disinfection has been proven effective with a range of bacteria, viruses, fiingi 

and protozoa. Smith et al. (2000) showed that when Salmonella typhimurium was exposed to 

simulated solar radiation for 8 hours, the bacteria were no longer infective. Kehoe et al. 

(2004) examined the impacts of a batch SODIS process on Shigella dysenteriae type I, 

showing that it is easily inactivated even during overcast conditions and so is a suitable 

intervention in areas with Shigella dysenteriae type I outbreaks. Mendez-Hermida et al. 

(2007) showed that batch solar disinfection was an effective treatment for Cryptosporidium
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oocyst suspensions under simulated sunlight conditions, confirming that solar disinfection of 

drinking water can be an effective household intervention against Cryptosporidium 

contamination.

Gomes et al. (2009) carried out photolytic experiments on synthetic and natural waters 

using a CPC photoreactor. Inactivation of Enterococcus faecalis was found to be slower than 

E. coli, possibly due to the cell wall composition of the Gram-positive and Gram-negative 

bacteria, respectively. The high content of peptidoglycan, teichoic acids, polysaccharides, and 

peptidoglycolipids, in the E. faecalis cell wall, when compared with E. coli, may have acted as 

a protective coating. Competition for the reactive oxidant radicals was also observed in binary 

systems, containing similar concentrations of E. coli and E. faecalis. Sinton et al. (1994) also 

found that Enterococcus species were inactivated by natural solar light less rapidly than faecal 

conforms.

Ahammed (2008) carried out experiments using spiked E. coli in various test waters and 

showed that the spiked E. coli inactivation rate was faster compared to naturally occurring 

coli forms but its inactivation rate varied depending on the water source into which it was 

spiked. It was proposed that naturally occurring organisms could become particle-attached in 

water and it is known that particle-attached microorganisms are more resistant to disinfection 

processes.

The level of UV radiation required to inactivate a microorganism varies greatly, depending 

on the type in question. Chang et al. (1985) examined the UV inactivation of pathogenic and 

indicator microorganisms, including E. coli, Salmonella typhi, Shigella sonnei. Streptococcus 

faecalis, Staphylococcus aureus, and Bacillus subtilis spores; the enteric viruses poliovirus 

t>pe 1 and simian rotavirus SAll ;  the cysts of the protozoan Acanthamoeba castellanii, as 

well as for total coliforms and standard plate count microorganisms from secondary effluent. 

They found that the doses of UV light necessary for a 99.9% inactivation of the cultured 

vegetative bacteria, total coliforms, and amoebic cysts required about 3 to 4 times, 9 times and 

15 times, respectively, the dose required for£. coli.

Boyle et al. (2008) looked at batch solar disinfection (SODIS) inactivation kinetics for 

suspensions in water of Campylobacter jejuni. Yersinia enterocolitica, enteropathogenic
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Escherichia coli. Staphylococcus epidermidis, and endospores of Bacillus subtilis, exposed to 

strong natural sunlight in Spain and Bolivia. The exposure time required for complete 

inactivation (at least 4-log-unit reduction and below the limit of detection of 17 CFU/ml) 

under conditions of strong natural sunlight (maximum global irradiance of 1,050 W/m ) was 

as follows: C. jejuni, 20 min; S. epidermidis, 45 min; enteropathogenic E. coli, 90 min; Y. 

enterocolitica, 150 min. 4% of B. subtilis endospores remained viable after a cumulative 

exposure time of 16 hours of strong natural sunlight.

Gill and McLoughlin (2007) reviewed the relative resistances of various organisms to solar 

disinfection compared to E. coli and plotted the results as shown in Figure 2-7. Viruses, 

protozoa and fiingi were found to be more resistant than E. coli, while some bacteria including 

Enterococci species and B. subtilis showed more resistance than all of these groups.
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Figure 2-7 Relative solar disinfection resistance of various microorganisms compared to E. coli 

(Gill and McLoughlin, 2007).

2.S.3.4. Mechanical and Osmotic Stress

Gomes et al. (2009), in experiments using a CPC photoreactor, showed that the impact of 

mechanical stress associated with high flowrates was only significant for tests on natural
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waters with low bacteria contamination. Cushnie et al. (2009) found that bacterial species 

varied greatly in their ability to withstand osmotic pressure and that Gram negative bacteria 

such as E. coli and Salmonella ser. Typhimurium should not be tested in distilled water. They 

found that 0.9% (w/v) sodium chloride solution increased antibacterial activity for 

photocatalysis when compared to distilled water but decreased antibacterial activity when UV 

light alone was used. This may have been due to the fact that cells with UV-damaged 

cytoplasmic membranes are capable of surviving in iso-osmotic environments such as 0.9% 

(w/v) sodium chloride but that they swell and burst in hypotonic environments such as 

distilled water (Cushnie et a i, 2009). Alrousan et al. (2012) carried out dark control 

experiments during recirculating batch experiments, at a flowrate of 2 litre/min and a saline 

concentration of 0.9% NaCl. No negative effects were observed due to mechanical or osmotic 

stress and no significant decrease in bacterial activity was recorded.

2.6. Photocatalytic Disinfection

Inactivation of pathogenic microorganisms by sunlight can be enhanced by the use of a 

photocatalyst, with titanium dioxide (TiO^) found to be the most effective. TiOi only utilises 

3-4% of the energy in the UV spectrum (300-400 nm) but is the most widely used 

photocatalyst due to its high catalytic activity, stability in acid and basic media, and non

toxicity (Vidal, 1998). TiOj can occur in three different physical phases, namely anatase, 

rutile and brookite. A commonly used form of Ti02 for photocatalytic disinfection is Degussa 

P25 powder, which consists of a combination of 70% anatase and 30% rutile, and has been 

found to be very efficient (Rincon and Pulgarin, 2003; Rincon and Pulgarin, 2004; Gumy et 

al., 2006a). Photocatalysis has been shown to inhibit reactivation and repair of bacteria, which 

is examined in Section 2.7 (Herrera Melian et a i, 2000; Davies et al., 2009).

Heterogeneous photocatalysis with Ti02 is an ‘Advanced Oxidation Technology’, which is 

based on the production of OH radicals and does not require the addition of chemicals or 

produce hazardous by-products (Lydakis-Simantiris et a i, 2010). The heterogeneous solar 

photocatalytic detoxification process consists of making use of the near-ultraviolet (UV) band
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o f  the solar spectrum (wavelengths shorter than 400 nm) to photo-excite a semiconductor 

catalyst in contact with water and in the presence o f  oxygen. Irradiation o f  T i02 with 

radiation energy higher than the band gap o f  the semiconductor (e.g. wavelength < 3 8 4  nm for 

Ti0 2  anatase) produces electron-hole charges on the semiconductor which can initiate 

reduction and oxidation reactions. Oxidation o f  Ti02 absorbed water by surface holes 

produces hydroxyl and other radical species, which are responsible for the Ti0 2 ’s wide- 

ranging activity toward large classes o f  contaminants (e.g. aromatics, halogenated 

hydrocarbons, pesticides, endocrine disrupting chemicals, inorganics and others) and for the 

inactivation o f  microorganisms and toxins (e.g. coliforms, viruses, microcystins). The 

photogenerated electrons can also reduce the presence o f  harmfiil heavy metals (Colina- 

Marquez et al., 2010). Hydroxyl radical generation takes place in many reaction steps 

alongside co-reactions which depend on the catalyst surface and the m olecules in the water 

(Fernandez-Ibaiiez et a l ,  2009). While the hydroxyl radical is considered the main agent in 

the process, other reactive oxygen species, such as H2O2 and O2’, may also play a part (Huang 

et al., 2000).

The most important features o f  this process making it applicable to the treatment o f  

contaminated aqueous effluents are:

•  The process takes place at ambient temperature and pressure.

•  Oxidation o f  the substance into CO2 and other inorganic species is complete.

•  The oxygen necessary for the reaction can be directly obtained from atmosphere.

•  The catalyst is inexpensive, safe and reusable.

•  The catalyst can be fixed to different types o f  inert matrices.

•  The energy required for photo-exciting the catalyst can be obtained from the sun.

(Colina-Marquez et al., 2010)
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2.6.1. Mechanisms of Photocataiytic Disinfection

The first work on this topic was by Matsunaga et al. (1985), who killed microbial cells 

photoelectrochemically with semiconductor powder (platinum-loaded titanium oxide, 

Ti02/Pt). Coenzyme A (CoA) was observed to be photo-electrochemically oxidised and, as a 

result, the respiration of cells was inhibited, causing cell death. Lactobacillus acidophilus, 

Saccharomyces cerevisiae and E. coli were found to be completely sterilised following 

incubation with Ti0 2 /Pt particles under metal halide lamp irradiation for 60-120 minutes.

Saito et al. (1992) then investigated the mode of photocataiytic bactericidal action of 

powdered Ti02 on Mutans streptococci. Leakage of potassium ions from the bacteria was 

observed in parallel with a decrease in cell viability, and protein and RNA were gradually 

released from cells. Co-aggregation of S. sobrinus AHT and powdered Ti02 occurred at high 

bacterial densities (above 10* CFU/ml), with aggregates gradually decomposing from light 

irradiation. Transmission electron microscopy (TEM) of S. sobrinus AHT after photocataiytic 

action for 60-120 minutes indicated complete destruction of bacterial cells. Bacterial death 

was attributed to significant disorder in cell membranes and eventual decomposition of the cell 

walls. Sunada et al. (1998) examined the photocataiytic degradation of endotoxin, which is a 

pyrogenic constituent of E. coli. Decomposition of the endotoxin from the E. coli cells 

confirmed that the Ti02 photocatalyst destroys the outer membrane of the cell. Maness et al. 

(1999) found that Ti02 photocatalysis promoted peroxidation of the polyunsaturated 

phospholipid component of the lipid membrane initially and induced major disorder in the E. 

coli cell membrane. Subsequently, essential functions that rely on cell membrane protection, 

such as respiratory activity, were lost, and cell death resulted.

Huang et al. (2000) found that treatment of E. coli with Ti02 and near-UV light resulted in 

an immediate increase in permeability to small molecules and the leakage of large molecules. 

They proposed that cell wall damage followed by cytoplasmic membrane damage leading to a 

direct intracellular attack is the sequence of events when microorganisms undergo Ti0 2  

photocataiytic attack. They found that smaller Ti02 particles caused quicker intracellular
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damage and that the TiOa photocatalytic reaction resuhed in continued bactericidal activity 

after the UV illumination terminated. Nadtochenko et al. (2005) used attenuated total 

reflection Fourier transform infrared spectroscopy (ATR-FTIR) and atomic force microscopy 

(AFM) to examine changes to the E. coli cell during photocatalysis. They observed formation 

o f  peroxidation products and changes in the E. coli cell wall membranes as the precursor 

events leading to bacterial lysis; TEM showed that aggregated Ti02 Degussa P-25 in aqueous 

solution interacted with the bacteria surface.

Huang et al. (1997) examined the killing effect o f  photoexcited ultrafme T i02 particles on 

U937 cells and found that reactive oxygen species produced by photoexcited ultrafme Ti02  

particles damaged DNA, resulting in cell death. Hidaka et al. (1997) looked at DNA, RNA  

and their pyrimidine and purine bases exposure to UV-A and UV -B radiation in the presence 

o f  Ti02 anatase/rutile particles. DNA and RNA were partially decomposed and the bases 

were converted to carbon dioxide (nitrogen atoms to ammonia and nitrate ions).

This body o f  research suggests that the cell membrane and cell wall are the primary sites o f  

attack by the reactive radicals, as shown in Figure 2-8, involving lipid peroxidation o f  the cell 

wall followed by lesions on microbial cell walls and leakage o f  cell content into the media. It 

is likely in most cases that Ti0 2  sticks to the microbial cell wall where the radicals generated 

produce these lesions (Femandez-Ibaiiez et al., 2009). Cells suffering from cell-wall damage 

can still be viable but photocatalytic action progressively increases cell permeability. This 

allows the open flow o f  intracellular components, as well as giving Ti0 2  particles easier cell 

access, and photo-oxidation o f  intracellular elements can proceed easily as a result (Alfano et 

al., 2000; Blanco-Galvez et al., 2007). This eventually leads to a loss o f  essential cell 

functions and cell death. When lethal damage o f  bacteria is induced, the DNA replication is 

blocked due to DNA alterations. This occurs in the form o f  thymine dimers mainly, which 

ultimately result in reproductive cell death (Jungfer et al., 2007).
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Figure 2-8 Mechanism of solar photocatalytic inactivation of bacteria in the presence of T1O 2 (Keane et 
al., 2014).

Previous work on photocatalytic disinfection can be broken down into batch and 

continuous systems, which will be examined in this section.

Experiments to evaluate the photocatalytic activity of supported Ti02 to potabilise water in 

common plastic PET bottles under solar irradiation were performed by Meichtry et al. (2007). 

Commercial titanium dioxide (Degussa P-25) was applied to different cheap materials, 

including glass rings, glass rods and porcelain beads, by dip coatmg or direct application to the 

plastic wall of the bottles. The adherence and stability o f Ti02 on the supports and the 

photocatalytic activity in bottles under solar irradiation was evaluated, with direct application 

to the walls of PET bottles being the most effective system.

Carey et al. (2011) modified the basic SODIS model by adding a photocatalytic layer of 

titania on the interior surface o f PET and acrylic bottles. Uncoated and titania-coated acrylic

2.6.2. Photocatalytic Disinfection Methods

2.6.2.1. Batch Photocatalytic Disinfection
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bottles removed 3 x 10  ̂-  5 x 10  ̂ CFU/ml o f  K12 £ . coli from 670 ml o f  contaminated water 

during 40 minutes o f  solar irradiance. These bottles were also successful at removing a 

representative organic water contaminant and algal toxin. This research showed that acrylic is 

an effective alternative to PET for use in the SODIS method due to its greater UV  

transmittance.

Mendez-Hermida et al. (2007) looked at batch-process solar disinfection (SODIS) and 

solar photocatalytic disinfection (SPC-DIS) on drinking water contaminated with 

Cryptosporidium. SODIS reactors fitted with flexible plastic inserts coated with Ti02 powder 

(SPC-DIS) were found to be more effective than those which were not. After 8 and 16 hours 

o f  overcast and cloudy solar irradiance conditions, SPC-DIS reduced oocyst viability from 

98.3% to 37.7% and 11.7% respectively, compared to 81.3% and 36.0% respectively during 

SODIS treatment.

Gelover et al. (2006) studied small-scale batch disinfection in plastic bottles containing 

spring water naturally polluted with coliform bacteria, with and without the addition o f  Ti0 2 . 

The bottles were mounted in simple homemade solar collectors made from wooden sheets 

covered with aluminium foil. Two litre PET bottles were filled with spring water and exposed 

to direct sunlight. The microbial loading was approximately 2.5x10^ MPN/lOOml o f  total 

coliforms and 9.0x10^ MPN/IOOml o f  faecal coliforms. Ti02 was coated onto small Pyrex- 

glass cylinders, using a sol-gel method, and these were placed inside each bottle. It was found 

that photocatalytically enhanced SODIS was far more effective than SODIS alone for the 

inactivation o f  both the total coliforms and the faecal coliforms.

There has also been considerable investigation o f  the use o f  photocatalytic systems as 

intelligent inks (M ills, 2005) and since titanium dioxide is excited by UV -A light, these 

systems can potentially be used as UV-A dosimetric indicators. Byrne et al. (2011) have 

tested a simple prototype system to measure UV -A dose utilising the photocatalytic reduction 

o f  methylene blue (M B) to leuco-M ethylene Blue (LMB). In the presence o f  an electron-hole 

scavenger (glycerol), methylene blue is photocatalytically reduced to colourless
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leucomethylene blue, and the rate o f  decolouration is dependent on the U V -A  intensity. In the 

dark and in the presence o f  oxygen, the reduced form is reoxidised back to methylene blue. 

This results in a simple reversible UV -A dosimetric indicator which could be utilised to 

provide some quality assurance for the SODIS user. There are a wide range o f  dyes or inks 

that could be utilised in these systems to provide simple dosimetric indicators corresponding 

to UV-A doses required for SODIS (Byrne et a l ,  2 0 1 1).

2.6.2.2. Continuous Photocatalytic Disinfection

McLoughlin et al. (2004a) and McLoughlin e t al. (2004b) carried out trials on small-scale 

continuous flow reactors, investigating the use o f  fixed and suspended photocatalytic effects 

and using different reflector types. Results showed effective photolytic and photocatalytic 

treatment o f  E. coli. Bacterial deactivation was achieved quickly using sunlight alone but the 

rates were enhanced by using low concentrations o f  titanium dioxide suspended in the water (3 

mg/litre). The technique o f  using low concentrations o f  titanium dioxide fixed to a rod within 

the reactors demonstrated a moderate enhancement to overall disinfection performance in the 

compound parabolic reactor, but no advantage in either the V-groove or parabolic reactors.

Rincon and Pulgarin (2004b) carried out tests on a CPC photoreactor to investigate E. coli 

inactivation with and without the presence o f  Ti0 2  during sunlight conditions o f  different 

seasons. The results indicated that the presence o f  Ti02 accelerated the detrimental action o f  

light and total disinfection was obtained with no bacterial recovery observed during 24 hours 

after stopping sunlight exposure. In the absence o f  Ti02, total disinfection was not always 

reached and bacterial recovery was observed, especially when inactivation was not complete. 

Bacterial decay was found to be mainly dependent on light intensity.

Alrousan et al. (2012) investigated improved solar disinfection using immobilised titanium 

dioxide for photocatalysis with compound parabolic collectors. The reactors consisted o f  

borosilicate glass tubes (1.5 m in length) as either single tubes o f  diameter 50 mm or two 

concentric tubes (inner tube o f  diameter 32 mm) with and without a CPC. For solar
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photocatalytic disinfection (SPC-DIS), the inside wall o f  the 50 mm tube was dip coated with 

Ti02 and/or the outside wall o f  the 32 mm tube. SPC-DIS and SODIS were tested under real 

sun conditions using E. coll. The concentric tube arrangement (a tube within a tube) with CPC 

was the most effective configuration but there was no significant difference found between 

disinfection results from this system with or without immobilised Ti0 2 -

2.6.3. Factors Affecting Photocatalytic Disinfection

Photocatalytic disinfection has been demonstrated to be mainly controlled by temperature; 

catalyst physiochemical properties and concentration; microorganism type and concentration; 

light intensity; exposure time and whether radiation is natural or simulated (Alfano et a i ,  

2000; Sichel et a i ,  2007b). The factors affecting photocatalytic inactivation will be examined 

in this section.

2.6.3.I. UV-ADose

Gelover et al. (2006) observed that solar intensities over 800 W/m^ were necessary in 

photocatalytic SODIS experiments to ensure disinfection beyond the detection limit and to 

prevent post-irradiation reactivation. Sichel et al. (2007b) also studied the dependence o f  

solar photocatalytic and solar photolytic disinfection on solar irradiation conditions under 

natural sunlight for bacteria and fungi, using both fixed and suspended catalyst. The 

experiments were carried out with different illuminated reactor surfaces, in different seasons 

and under varying cloud cover. All results showed that once a minimum solar dose had been 

received, the photocatalytic disinfection efficiency was not particularly enhanced by any 

further increase. The authors concluded that solar photocatalytic disinfection o f  the bacteria 

and fiingi tested did not proportionally depend on solar UV intensity, as long as enough 

photons had been received for disinfection. The minimum UV energy necessary to reach a 

certain disinfection level depended on the microorganism and the reactor configuration and 

once a solar photocatalytic system had received the necessary amount o f  UV energy, 

disinfection was reached regardless o f  the irradiated surface. Photolytic disinfection appeared
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to be more susceptible to changes in solar irradiation and required higher minimum solar UV 

intensity and higher minimum UV dose for disinfection than solar photocatalytic disinfection 

(Sichele/a/.,2007b).

2.6.3.Z. Initial Concentration of Pathogens

Rincon and Pulgarin (2004a) showed that a longer time was required for photocatalytic 

inactivation when the initial concentration of bacteria was higher but the overall deactivation 

rate was found to be 10“̂ times higher for an initial concentration of 10  ̂CFU/ml compared to 

10  ̂ CFU/ml. The initial deactivation rate appeared to be highly influenced by initial 

concentration and the overall decrease in cell viability was found to be directly proportional to 

the initial concentration of bacteria. The time required to inactivate completely 10“* CFU/ml of 

E. coli was found to be shorter than that required to inactivate the same quantity o f already 

phototreated bacteria during 40 minutes but starting from a higher initial concentration of 10 

CFU/ml. The reasons for this could include resistance developed by previously treated 

bacteria to phototreatment. In addition dead bacteria and their intercellular components can 

compete for photogenerated OH radicals and/or form a screen to light penetration leading to 

the protection of the remaining bacteria. Following on from this, if the initial concentration is 

too high, some bacteria can be shielded from penetrating light (Rincon and Pulgarin, 2004a).

Sichel et al. (2007a) found that little difference in disinfection rate was observed between 

lower concentrations o f 10̂  to 10  ̂ CFU/ml but at higher concentrations of lO’CFU/ml, more 

UV energy was needed for the same disinfection. They also observed that during dark 

experiments, higher bacterial concentrations made the influence of dark inactivation less 

noticeable in the final disinfection results.

Kerr et al. (1999) observed that water quality was less important for bacterial survival at 

higher bacterial concentrations than at lower concentrations, when they examined E. coli 

viability in distilled water, sterile mineral water and in natural mineral water.
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2.6.3.3. Microorganism Type and Physiological State

Rincon and Pulgarin (2004a) carried out tests on wastewater using both photolysis and 

photocatalysis and found that different bacterial groups showed different sensitivities to 

phototreatment. Enterococcus species seemed to be less sensitive than coliforms and other 

Gram-negative bacteria, with E. coli being the least resistant. They also showed that bacteria 

treated in the stationary phase were less readily inactivated than those at exponential growth 

phase for both photolysis and photocatalysis and the difference was more pronounced in the 

case of photolysis. Stationary phase bacteria are generally considered more resistant to 

irradiation than exponential phase cells and the stationary-phase response to environmental 

changes involves the synthesis of a set of proteins which give E. coli cells a marked resistance 

to several stress conditions, including heat shock, oxidation (UV light), hyperosmolarity, 

acidity, and nutrient scarcity.

Rincon and Pulgarin (2004a) also showed that bacteria harvested at the third generation of 

culture were more resistant to irradiation than those taken from the seventh one. They 

suggested that when successive cultures are made, for example, to inoculate the sample of 

second generation from the first one, bacteria undergo mutations which are expressed and 

highlighted in further generations. These mutations may make bacteria more sensitive to 

photocatalytic attack.

Lonnen et al. (2005) examined the ability o f solar disinfection (SODIS) and solar 

photocatalytic disinfection (SPC-DIS) batch-process reactors to inactivate waterborne 

protozoan, fungal and bacterial microbes. After 8 hours simulated solar exposure both SPC- 

DIS and SODIS achieved at least 4-log reduction in viability against protozoa (the trophozoite 

stage of Acanthamoeba polyphaga), fiingi {Candida albicans, Fusarium solani) and bacteria 

{Pseudomonas aeruginosa, Escherichia coli). A reduction of only 1.7-log units was recorded 

for spores of Bacillus subtilis. Both SODIS and SPC-DIS were ineffective against the cyst 

stage o f A. polyphaga.
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2.6.3.4. Mechanical and Osmotic Stress

Mechanical stress has been shown to impact the viability of bacteria. Sichel et al. (2007a) 

showed that experiments carried out in a solar CPC photoreactor in the dark displayed similar 

decreases in E. coli viability to those achieved during photocatalytic treatment with a fixed 

Ti02 catalyst, starting at a concentration of 10'̂  CFU/ml. Identical results were found during 

dark runs without a catalyst and so adsorption of bacterial cells on the fixed catalyst was 

considered unlikely. These effects were not obvious during experiments at higher initial
7 6 7concentrations of 10 CFU/ml, however. Other studies with starting concentrations o f 10 -10 

CFU/ml also did not observe significant decreases due to mechanical stress in recirculating 

systems when experiments were conducted in the dark (Alrousan et al., 2012; McLoughlin et 

a/., 2004b).

Sichel et al. (2007a) showed that between fiowrates of 2.5 and 10 litre/min, photocatalytic 

disinfection was reduced at higher fiowrates. In the dark, however, inactivation was observed 

to increase with increasing fiowrate, which could be explained by ‘shear damage’ to the 

bacterial cells from mechanical agitation and bacterial resistance was seen to weaken over 

time in the presence of mechanical stress.

These opposite tendencies observed between solar photocatalytic disinfection and runs 

conducted in the dark were explained by the different way in which bacterial viability is 

affected by mechanical stress compared to attack by radicals. The effects o f mechanical stress 

tend to build up and slowly but continuously get stronger with higher fiowrates over 

experimental time. In contrast, radicals overwhelm bacterial resistance only after a lag phase, 

which is shorter at slow fiow rates, due to better interaction between bacterial cells and 

photocatalyst (Sichel et al., 2007a).

Sichel et al. (2007a) concluded that photocatalytic disinfection of distilled water at bacterial 

concentrations below 10  ̂CFU/ml was caused entirely by mechano-osmotic effects rather than
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by a solar photocatalytic effect and proposed that the phenomenon was o f great importance 

when evaluating the performance of solar photocatalytic disinfection systems.

2.6.3.S. Suspended or Fixed Catalyst

The main disadvantage of systems containing suspended catalysts is the need to remove the 

photocatalyst from the cleaned water after treatment. Most of the titanium dioxide powders 

used in photocatalysis contain submicron-sized particles. As a consequence, separation by 

sedimentation and filtration is difficult and for large volumes of water it is almost impossible. 

Fixed catalysts reduce this need but it has been shown that for the same catalyst loading, 

reactors using suspended catalysts are more effective than fixed catalyst systems (Byrne et al., 

1998; Alfano et a l,  2000; Gumy et al., 2006b).

The main difference between fixed and suspended systems is the surface area o f the 

catalyst in contact with water, which limits mass transfer leading to a reduced rate of 

photocatalytic inactivation. Sichel et al. (2007a) found that the most significant fixed catalyst 

reaction constraint is the interaction between the catalyst surface and the target microorganism 

and not the oxygen supply. In a suspended catalyst system, however, the dissolved oxygen 

content can become a reaction constraint. Higher flowrates in the reactor in this case can lead 

to better disinfection efficiencies.

Other factors which can affect the efficiency of fixed catalyst systems include the residence 

time in the reactor which is determined by the flowrate; the total volume being treated; the 

physico-chemical characteristics of the water; aging or durability of the fixed coating which 

can be impacted by the hydrodynamics of the system; and fouling o f the photocatalyst 

(Alrousan et al., 2012).

Gumy et al. (2006b) found that the required time to inactivate bacteria using fixed Ti02 

was higher than with suspended Ti02, even with lower amounts o f suspended catalyst. As 

there is no absorption of bacteria on the fixed TiOi and reactions occur mainly at the surface
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o f Ti0 2  and not in the solution, the average distance between bacteria and catalyst appears to 

be an important limiting factor for the photocatalytic inactivation o f bacteria.

Contrary to this, Rincon and Pulgarin (2003) showed that Ti02 immobilized on Nafion 

membranes inactivated E. coli with efficiencies close to those observed for bacterial 

suspensions containing the same concentration o f suspended Ti02. For fixed Ti02 on glass, 

the dose necessary for the total inactivation decreased by increasing the fixed Ti0 2  amount.

In terms o f the optimum Ti02 dose for suspended slurry studies, there is now a consensus 

that between 100 to 200 mg/litre is the most efficient concentration, as above this the 

reduction in light penetration due to suspended particles outweighs the potential benefit o f  

increased radical production due to the increased concentration (Malato Rodnguez et a l ,  

2004; Colina-Marquez et a l ,  2010; Pablos et a/., 2011; Pablos et al., 2013).

2.6.3.6. Doping of T1O2

Doping o f Ti02 using various materials has been widely researched as a means o f reducing 

its band gap energy and enhancing photocatalytic activity (Wang et al., 2000; Luo et a l ,  2004; 

Periyat et a l ,  2008). Silver-loading o f Ti02 has been shown to improve disinfection by 

providing better catalytic action and additional anti-microbial properties. Silver enhances the 

electron-hole separation and interfacial charge transfer and increases the visible light response. 

Sokmen et a l  (2008) showed that Giardia intestinalis inactivation was improved using silver- 

loaded Ti02 and Butkus et a l  (2005) observed a synergistic effect between cationic silver and 

UV radiation (silver-UV disinfection), which enhanced inactivation o f viruses, commonly 

reported to be the most resistant pathogens to UV disinfection. However, van Grieken et a l  

(2009) found that the bactericidal role o f silver was the main activity resulting in improved 

bacterial inactivation rather than an enhanced photocatalytic mechanism. They also concluded 

that the thermal treatment required for the stabilisation o f the supported silver particles 

reduced the global efficiency.
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There have been several studies on the photocatalytic activity o f  ruthenium-doped Ti02, 

although not in the context o f  disinfection. Houskova et al. (2009) found that ruthenium 

doping resulted in an increase in the titania surface area, a decrease in the anatase particle size 

and diminished band gap energy. Doping was found to improve photocatalytic activity in 

visible light. Sasirekha et al. (2006) carried out trials on ruthenium-doped Ti02 anatase 

supported on silica and examined the photocatalytic reduction o f  carbon dioxide in aqueous 

medium at ambient conditions. The results showed that Ti02 particles with ruthenium ions 

had higher photocatalytic activity than undoped Ti0 2  and the optimum ruthenium loading was 

found to be 0.5 wt%. Wetchakun and Phanichphant (2008) evaluated the photocatalytic 

activities o f  ruthenium-doped Ti0 2  samples by studying the mineralisation o f  sucrose, 

glucose, oxalic acid and formic acid under UV -A irradiation. It was found that T i02 doped 

with 0.1 wt% ruthenium showed the highest activity for mineralising formic acid. Ohno et al. 

(1999) carried out successful photo-oxidation o f  water using ruthenium-doped Ti02 powder 

under visible light with iron(III) ion as the electron acceptor. This body o f  research shows that 

ruthenium doping can improve the photocatalytic activity o f  Ti0 2  for oxidation reactions, 

suggesting that it could also have a positive impact on the photocatalytic inactivation o f  

pathogens.

2.6.3.T. Ruthenium Catalysis

Ruthenium com plexes can also act as a catalysts without the presence o f  Ti02 and react 

under visible light at wavelengths less than 452 nm producing reactive oxygen species (ROS) 

derived from singlet oxygen, ’O2 (Whitten, 1980). Singlet molecular oxygen is the lowest 

electronic excited state o f  molecular oxygen and can be readily generated by energy transfer 

from electronically excited dyes to ground state dioxygen. This photochemical process called 

sensitization involves molecular oxygen quenching the excited state o f  the sensitizer 

producing singlet oxygen (Jimenez-Hemandez et al., 2006). Singlet oxygen and related ROS 

can lead to peroxidation o f  protein and lipids o f  cells and can attack the D N A o f  bacterial cells 

preventing replication o f  cells (Bus et al., 1974; Ravanat et al., 2000; Szacilowski et al., 2005;
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Maisch et a i, 2007). Jimenez-Hemandez et al. (2006) used E. coli and E. faecalis in water 

disinfection tests with singlet oxygen photogenerated by polymer-supported Ru(II) sensitizers 

and solar light and a rate of cell inactivation of up to 1.1 x 10̂  CFU/litre per hour was 

observed with E. coli and 0.7 x 10̂  CFU/ litre per hour with E. faecalis.

2.1. Reactivation and Repair of Bacteria

The advantage of solar or UV disinfection over chlorine disinfection is that it can 

effectively inactivate bacteria, viruses, and parasites, but does not form harmfixl by-products 

associated with chlorine disinfection. When water is treated with chlorine, however, residual 

chlorine remains in the water and ensures continued inhibition of bacterial growth during 

storage and distribution. A similar residual effect is not present with solar or UV disinfection 

treatment and so for phototreatment methods it is necessary to determine both the time 

required for disinfection and if bacterial growth will be inhibited post-treatment (Jungfer et 

a l, 2007).

It has been observed that photolytic treatment can have a sub-lethal, as well as a lethal 

effect, in which damage to the cell membrane results in a growth delay post-irradiation but not 

in cell death (Bemey et a i, 2006a). Reactivation and repair of bacteria is a phenomenon 

which has been observed following solar disinfection of water. Rincon and Pulgarin (2004a) 

showed that reactivation was possible in final concentrations of less than 1 CFU/ml. 

Photoreactivation and dark repair mechanisms can restore DNA lesions produced in bacteria 

as a result of photolytic and photocatalytic disinfection, causing significant enhancement in 

the post-irradiation viability of bacterial cells.

2.7.1. Photoreactivation

Many organisms exhibit the ability to repair the damaging effects of UV light when 

exposed to wavelengths in the near UV or violet-blue spectral range. This phenomenon of 

self-repair of UV induced DNA damage upon exposure to reactivating light is termed 

photoreactivation. Many factors can affect reactivation including UV dose, water quality.
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length of exposure to photoreactivating light and type of organism (Lindenauer and Darby, 

1994).

A variety of photoproducts are formed in the deoxyribonucleic acid (DNA) of an organism 

as a result of UV light absorption, the most important being the pyrimidine dimer. This is 

formed between adjacent pyrimidine molecules on the same strand of DNA, which can 

interrupt both transcription and replication of the DNA. The formation of the dimer can be 

reversed by repair mechanisms found in many microorganisms. Photoreactivating bacteria 

have developed, through evolution, a mechanism to defend their cells against damage due to 

exposure to UV light from the sun. This mechanism is characterised by a direct light 

dependent splitting of UV induced pyrimidine dimers with the help of a photoreactivating 

enzyme (PRE) such as photolyase (Sinha and Hader, 2002).

An examination of the DNA level reactions involved in photoreactivation suggests a two- 

step reaction (see Figure 2-9):

1. Formation o f PRE-dimer complex. A PRE binds with a pyrimidine dimer to form 

a complex. This step does not require light. The complex is reversible but the 

formation kinetics are greatly favoured. The number of photoreactivating 

enzymes present in an organism or cell varies with different organisms. The rate 

at which each PRE binds to the pyrimidine dimer is dependent upon temperature, 

pH and ionic strength.

2. Release o f  PRE and repaired DNA. The actual photoreactivation results in a 

monomerisation of the dimer and subsequent release o f the photoreactivating 

enzyme. The restoration o f the dimer to its original monomerised form is 

dependent upon light energy intensity and associated reaction kinetics. The 

reaction occurs in less than a millisecond and the repair is perfect. The catalysing 

wavelength for photoreactivation differs for different organisms but generally 

falls between 310 and 490 nm.
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Many organisms including E. coli. Streptococcus faecalis, Streptomyces, Saccharomyces, 

Aerobacter, Micrococcus, Erwinia, Proteus, Penicillium and Nuerspora have been found to 

photorepair UV-damaged DNA. Other organisms including Faecal streptococci, 

bacteriophages, somatic coliphages, P. aeruginosa, Clostridium perfringens, Haemophilus 

influenza, Diplococcus pneumonia. Bacillus subtilis and Micrococcus radiodurans have not 

displayed photoreactivation. The degree of photoreactivation o f E. coli has been found to be 

proportional to the time of reactivating light exposure up to a maximum time after which 

additional illumination had no further reactivating capacity (Lindenauer and Darby, 1994).

Phow lyti*  (310-400 nm)

/
Photoraacdvatlng 

Enzyme (PRE)
+ Pyrimidine -------------^-/fPR E  - Dtmeriv--------------- PRE + Monomerlzed

Dimer ----------- \! .^ C o m p l« x ^  k3 Olmer
k2

Step 1: Formation of PRE-dimer complex Step 2: Release of PRE and repaired ONA molecule

Figure 2-9 Two-step reaction mechanism for photoreactivation (Lindenauer and Darby, 1994).

Guo et al. (2012) examined the variations of characteristics of E. coli after subsequent 

photoreactivation, finding that bacteria retained the initial characteristics coded in the cell 

plasmid, revealing that some characteristics of bacteria can be retained or can recover through 

photoreactivation.

2.7.2. Dark Repair Mechanisms

Photoreactivation processes which involve light-induced mechanisms in bacteria to restore 

cellular injuries are well documented but dark-repair mechanisms, important for water storage 

and pipe systems, are less well understood (Schwartz et al., 2003; Jungfer et al., 2007). Dark 

repair pathways are much more complex and do not directly reverse DNA damage but instead 

replace the damaged DNA with new, undamaged nucleotides. There are several mechanisms, 

all of which are regulated by the expression of the recA gene, which is essential in many 

molecular bacterial regulation processes (Sinha and Hader, 2002).
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The following mechanisms can be involved in dark repair:

1. Excision repair. There are two major categories of excision repair pathways: base 

excision repair (BER) and nucleotide excision repair (NER). BER has evolved to 

protect cells from the effects o f  endogenous DNA damage induced by hydrolysis, 

reactive oxygen species or other intracellular metabolites that modify the DNA base 

structure, hi addition, BER is also important for withstanding lesions produced by 

ionizing radiation and strong alkylating agents. The pivotal enzymes involved in BER 

are DNA glycosylases, which remove different types of modified or damaged bases. 

Once the base is removed, the apurinic/ apyrimidinic (AP) site is removed by an AP 

endonuclease or an AP lyase. The remaining deoxyribose phosphate residue is excised 

by a phosphodiesterase and the resulting gap is filled by a repair DNA polymerase. 

The strand is sealed by DNA ligase. NER removes a wide range of DNA distorting 

lesions. It is highly conserved in eukaryotes, such as yeast, and present in most 

organisms. NER uses the product of around 30 genes to remove a damage-containing 

oligonucleotide from cellular DNA. Figure 2-10 shows the NER process (Sinha and 

Hader, 2002).

I I I I I I Formatian o f  DNA dimer

T T r T > T T T  Recognition of dimer and DNA cut

I
TTI I I I IT Elxcision of dimer

I I I T  1 I 1  fiUed by MVA polymerase

I
I I I 1 1  ( I I Nick scaled b y  DNA ligaw

Figure 2-10 Schematic representation o f  the nucleotide excision repair pathway (Sinha and H3der, 
2002 ).
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2. Mutagenic repair or lesion bypass mechanisms emerge in situations where repair 

cannot occur and the only option for cell survival is a lesion bypass. Most mutagenesis 

resulting from damage by UV radiation, ionizing radiation or various chemicals seems 

to be due to a process of translesion synthesis. A polymerase or replicative assembly 

encounters a noncoding or miscoding lesion, inserts an incorrect nucleotide opposite 

the lesion and then continues elongation. Figure 2-11 shows the mutagenic repair 

process (Sinha and Hader, 2002).

I I I I I I I I Kormotion of DNA dimer

Figure 2-11 Schematic representation of the mutagenic repair pathway (Sinha and Hader, 2002).

3. Recombinational repair is one of the most important processes involved in DNA 

repair, ensuring the transmission of correct genetic information from parents to 

offspring. Double-strand breaks and single-strand gaps in damaged DNA are 

efficiently repaired by mechanisms associated with recombination. Recombination is a 

series of complex biochemical reactions involving at least 20 gene products in E. coli 

(Sinha and Hader, 2002).

4. Alternative repair pathways: Studies have shown that the fission yeast

Schizosaccharomyces pombe and the filamentous fungus Neurospora crassa contain 

an alternative DNA excision repair pathway, distinct from the well characterized BER 

and NER. Cells may also protect themselves against damage by triggering cell-cycle
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checkpoints (i.e. arrest of the cell cycle so that the cells do not progress from one phase 

of the cycle to the next with damage in their genomes) and apoptotic (programmed) 

cell death, thereby, protecting the organism at the expense of the individual cell (Sinha 

and Hader, 2002).

Schwartz et al. (2003) found significant variation in biofilm formation downstream of a 

public water distribution system, depending on whether UV or chemical treatment was used to 

disinfect water. After UV disinfection it was found that metabolic activities of the biofilm 

bacteria were increased compared to chemical disinfection and some bacteria, such as 

enterococci, were detected sporadically by molecular biology methods after UV irradiation.

Jungfer et al. (2007) carried out experiments to investigate dark repair mechanisms fiirther. 

Different fiuences and cell densities were chosen to measure the specific gene expression of 

recA, which is the most important regulation gene of bacterial dark repair and SOS response to 

different stress factors. Results showed that activity of the recA gene can be detected in 

planktonic drinking water and opportunistic bacteria even after fiuences higher than 400 J/m^, 

which is the minimum recommended for UV disinfection of water by the German Association 

on Gas and Water (1997) and by the Austrian Standards Institute (2001). In addition it was 

shown that molecular biology detection of dark repair mechanisms was not affected by the 

limited nutrient sources in tap water even in the case of enhanced incubation times. 

Cultivation experiments with UV-treated enterococci demonstrated a significant loss of 

reproducibility but still an increased level o f dark repair activity, indicating a transformation of 

bacteria to a viable but not culturable status.

2.7.3. Reactivation and Repair in Photolytically and Photocatalytically 

Treated Water

In comparison to photolytic treatment, photocatalytic processes not only treat bacteria but 

inhibit bacterial reactivation and repair. If samples are stored in the dark for periods o f 24 or 

48 hours, the ‘residual disinfecting effect’ o f the photocatalytic process observed during the
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dark period has been shown to be dependent on the irradiation intensity but not on the dose 

(Rincon and Pulgarin, 2004a). In the absence o f Ti02 catalyst, Rincon and Pulgarin (2004a) 

found that after three hours in the dark post photolytic treatment, E. coli bacteria reached the 

same levels as they were prior to treatment and continued to increase in numbers for 60 hours 

afterwards. A similar pattern was observed by Misstear (2010). In contrast, in the presence 

of Ti02, bacteria numbers continued to reduce in the dark, indicating that the damage to E. 

coli cells from photocatalytic treatment was irreversible (Rincon and Pulgarin, 2004a).

Rincon and Pulgarin (2004a) also showed that the time taken for total inactivation of 

bacteria using suspended Ti0 2  was shorter than that observed for the fixed catalyst but post

irradiation events for both systems were similar. For suspended Ti02 some paths followed by 

the catalyst to attack bacteria include cells being co-aggregated by large Ti0 2  aggregates and 

Ti0 2  nano-particles penetrating into cells (phagocytosis), which cause rapid intracellular 

damage. While these mechanisms are not present for immobilised Ti02, the effect on E. coli 

viability after stopping illumination appears to be similar to that observed for suspended Ti0 2 .

Gelover et al. (2006) showed that Ti02 treatment had a bactericidal effect while SODIS 

treatment had a bacteriostatic effect on tested bacteria. In the first case, the inactivation 

caused irreversible damage in cellular functions and therefore no regeneration was possible. 

With SODIS, the bacteria concentration for total coliforms showed a ‘waving’ increasing- 

decreasing population pattern post-treatment, typical of stressed bacteria. One or two days 

after disinfection, bacteria recovered showing an initial increasing step in the curve, however 

their numbers decreased after that. The cycle was observed a couple o f times until the bacteria 

could not recover anymore and were not detected.

Shang et al. (2009) showed that presence of suspended or immobilised Ti02 at very low 

concentrations can inhibit post-treatment photo-reactivation and dark repair of coliform 

bacteria. The Ti02 is not required for inactivation in this case but to deliver the sub-lethal 

repressive effect. Thus the use o f UV and Ti02 in this way is different to photocatalytic
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disinfection, which requires much higher Ti02 concentrations and UV doses/fluences and 

relies primarily on the generation of OH and other reactive oxygen species.

The results of Smith et al. (2000) suggest that sub-lethally injured bacteria may be less 

virulent than their uninjured counterparts, which may mean that it is less important to 

enumerate this sub-group than the healthy cells.

2.8. Interference Factors Influencing Photolytic and Photocatalytic 

Disinfection

A range a parameters can significantly interfere with the effectiveness of both photolytic 

and photocatalytic water treatment and will be examined here.

2.8.1. Source Water

Studies have shown that the effectiveness of photolytic and photocatalytic disinfection 

depends on the water source being treated (Rincon and Pulgarin, 2007b; Meera and 

Ahammed, 2008; Alrousan et al., 2012). Fernandez-Ibanez et al. (2009) found that the use of 

solar photocatalysis with Ti0 2  suspended in water under natural sunlight yielded faster 

inactivation with distilled water, when compared to natural well water. Gomes et al. (2009) 

carried out photolytic experiments on synthetic and natural waters using a CPC photoreactor. 

Bacterial regeneration was observed in natural waters but not in synthetic waters and it was 

suggested that this behaviour could be due to the natural water chemical composition, with the 

presence of various organic and inorganic species.

Ahammed (2008) studied the effect of source water quality on batch solar water 

disinfection kinetics, using four different sources of varying quality with their naturally 

occurring microorganisms. Water from a dug-well, river water, treated wastewater and roof- 

harvested rainwater were exposed to sunlight in PET bottles. Up to 3-log reduction of total 

coliforms was observed under weak/ moderate radiation conditions over 6 hours but this 

exposure was not enough to remove all the total coliforms in the highly contaminated water
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sources such as river water and treated wastewater. Ahammed found a lower disinfection rate 

in distilled water compared to dug-well water, which was different to the findings of 

Femandez-Ibanez et al. This was explained by different turbidity values. While distilled 

water had a turbidity value close to 0 NTU, the dug-well water and rainwater had turbidity 

values of 3.4 and 5.8 NTU, respectively, which resulted in slighter higher (up to I.8“C) mean 

temperature values in dug-well water and rainwater during solar exposure compared to 

distilled water.

Wist et al. (2002) carried out photocatalytic experiments on distilled water and natural 

water samples from a river. The distilled water showed no reactivation of bacteria post

irradiation but the natural water samples showed a large increase in culturable cell 

concentration above the initial bacterial concentrations of between 10"̂  and 10̂  CFU/ml. 

Explanations for this phenomenon include:

• If the real cell population present in the non-treated solution was higher than the 

observed culturable cell population, the solution could then be able to sustain a higher 

culturable cell concentration. So if after treatment the microorganisms that develop 

fastest are culturable, then the culturable cell population would be greater than the 

initial one.

• The stressful conditions could activate other bacterial metabolic mechanisms.

• The photocatalytic treatment might provide new sources of nutrients by action on the 

present biomass and organic compounds. Nutrients could be released from dead cells 

and/or could be produced by degradation of organic compounds. (Wist et a l,  2002)

Natural waters used for drinking water purposes in certain regions in developing countries 

are highly contaminated and can have chemical and biological characteristics close to those of 

wastewater. Rincon and Pulgarin (2004a) carried out tests on wastewater using both 

photolysis and photocatalysis and found that the chemical characteristics of different 

wastewaters were seen to impact the efficiency of phototreatment. The chemical oxygen 

demand (COD)/dissolved organic carbon (DOC) ratio is an important indicator as viable

57



Literature Review

bacteria and dissolved organic matter are in competition for OH radicals and as a result, the 

photocatalytic process inactivates and simultaneously oxidises organic compounds present in 

water. Differences were observed in photolytic and photocatalytic resistance and subsequent 

dark recovery processes between pure E. coli culture and bacterial consortia present in natural 

wastewater and this illustrated the significant limitations o f  using data obtained from pure- 

culture experiments to predict bacterial response in a naturally-polluted water.

Rincon and Pulgarin (2007b) carried out further experiments looking at the effect o f  

chemical composition o f  water on E. coli photo-inactivation. Ten types o f  water with 

differing chemical compositions were contaminated with E. coli and were exposed to a 

simulated solar irradiation in the absence o f  TiOa (photolysis) and in presence o f  Ti0 2  

(photocatalysis). Results showed that sensitivity o f  bacteria to phototreatment depended on 

the nature o f  the water and inactivation rates were different for each system. The presence o f  

NOs', HCOs', P0 4 ‘, SO4', Cr, HCO3 and organic matter were observed to greatly affect both 

photolytic and photocatalytic disinfection processes, as well as influencing post-irradiation 

events after exposure.

Kerr et al. (1999) examined the viability o f  E. coli in various water types and reported that 

survival was higher in high mineral content water when compared to distilled. Cushnie et al. 

(2009) looked at E. coli viability in distilled water and saline water, showing no significant 

change in bacterial survival in 0.9% NaCl solution.

2.8.2. Turbidity

Interference can strongly affect UV penetration o f  the water to be treated but the 

relationship between turbidity and inactivation o f  bacteria by solar disinfection is not clear. 

Penetration o f  optical radiation through water is hindered by increasing turbidity, as the turbid 

particle scatters and absorbs the light. However, as the radiative emissivity o f  the water 

increases with turbidity, water temperature is raised to values higher than that achieved with 

no turbidity (Ubomba-Jaswa et a l ,  2010). Davies et al. (2009) observed high inactivation in
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very turbid water, highlighting a need to better quantify the extent to which solar inactivation 

is compromised by scattering of particulate material versus absorption by phenolics. Gomez- 

Couso et al. (2012) showed that disinfection carried out in 2.5 litre static solar reactors fitted 

with CPCs minimised the negative effects of turbidity. Reduction in viability of 

Cryptosporidium parvum  oocysts was possible even in turbidity of 100 NTU, which was most 

likely due to the high temperatures reached (58.7“C). Meera and Ahammed (2008) also 

showed that moderate turbidity (38 NTU) was an enhancement to microbial inactivation when 

compared with inactivation in low turbidity samples (< 5 NTU).

2.8.3. Colour

Colour is often caused by natural organics which leach from organic soils and wetlands and 

these UV absorbing organics can affect the efficiency of solar disinfection. Coloured water 

reduces short wavelength transmissivity and Davies et al. (2009) observed that river water 

which appeared only slightly coloured significantly reduced the effectiveness of disinfection, 

highlighting that visual observation can be deceptive in terms of assessing colour.

Wilson and Andrews (2011) looked at the use o f a natural coagulant to pretreat highly 

coloured water before using solar disinfection to treat water. Moringa oleifera is a seed which 

is cultivated world-wide throughout semi-arid tropical regions surrounding the equator. It was 

found to decrease both colour and turbidity of water effectively and decreased the amount of 

sunlight needed for disinfection. These advantages, however, were outweighed by the time 

required to perform the coagulation step, which was roughly equivalent to the time saved in 

sunlight exposure. However, the clarity of water was improved greatly, which was significant 

in terms of overall water quality.

2.8.4. pH

The pH value of treated water can impact solar disinfection. Watts et al. (1995) found that 

from pH 6 to 8, disinfection rate constants were not affected by changes in pH value. Herrera 

Melian et al. (2000) found that at pH 5 the presence o f Ti02 did not significantly change
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disinfection rate constants (k) but did speed up the disinfection rate. Amin and Han (2011) 

reported improved efficiency o f  solar-based disinfection systems for the treatment o f stored 

rainwater at low pH, by adding commonly available and inexpensive food preservative 

products, such as lemon and vinegar. Lemon and vinegar both increased the disinfection 

efficiency in SODIS by about 40% and completely disinfected rainwater in a solar collector 

disinfection system under weak sunlight conditions by lowering the pH to 3.

2.8.5. Dissolved Oxygen Content of Water

Studies also show that dissolved oxygen in water contributes to bacterial inactivation, with 

much greater reductions o f E. coli and Enterococcus faecalis observed after treatment in 

oxygenated water when compared to anaerobic water (Reed, 1997). Some studies have 

shown an oxygen dependence on the SODIS process, leading to recommendations to shake a 

two-thirds filled bottle vigorously for 30 seconds before topping up and sealing, in order to 

increase initial levels o f dissolved oxygen (Dejung et a i ,  2007; McGuigan et al., 2012). 

Kehoe et al. (2001) showed that continuous agitation o f bottles during solar exposure was o f 

no advantage, however, and may actually be detrimental to the disinfection process, because 

dissolved oxygen levels decrease at a much higher rate in agitated samples when compared to 

non-agitated samples which tend to conserve their dissolved oxygen levels. Thus, agitation o f 

the bottles is only o f benefit directly after water collection or at the start o f any solar exposure 

when some water sources may have low dissolved oxygen levels due to environmental factors.

In static batch photolytic systems the concentration o f  dissolved oxygen is rapidly 

consumed in the initial stages o f the reaction and as water temperature increases, the solubility 

of oxygen in water is fiirther reduced. In developing countries, where ambient temperatures 

and solar irradiation levels are high, this issue is significant as the temperature within SODIS 

reactors can reach up to 55°C, which would considerably decrease the dissolved oxygen 

content and potentially impact the SODIS process. A solution could be to introduce other 

oxidants such as H2O2 but this would give rise to a dependence on consumable chemicals 

which is undesirable (Byrne et a l ,  2011).
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Dissolved oxygen is also known to accelerate the photocatalytic disinfection process, since 

oxygen is an electron acceptor (Rincon and Pulgarin, 2004b).

2.9. Synergistic Effects of Heat and Solar Radiation

Water strongly absorbs red and infrared light creating heat. High temperatures have 

profound effects on the structural and physiological properties of sporulating and non- 

sporulating bacteria, with membranes, RNA, DNA, ribosomes, protein and enzymes all 

affected. Temperatures greater than the maximum growth value of a bacterium cause 

denaturation, which impedes protein fiinction and may kill the organism (Russell, 2003). At 

60°C water and other liquids can be pasteurised because most enteric viruses, bacteria and 

parasites are rapidly inactivated (Ciochetti and Metcalf, 1984) and a temperature of 65°C is 

capable o f inactivating nearly all enteric pathogens within hours (Safapour and Metcalf, 1999).

Tyrrell (1976) studied the lethal interaction of far ultraviolet (254 nm), near ultraviolet (334 

and 365 nm) and violet visible (405 nm) radiation treatment with mild heat treatment on E. 

coli. Except at 254 nm, a strong positive radiation dose-dependent interaction or synergism 

was observed. The efficiency of sensitisation to heat, as a function of dose at each 

wavelength, was found to be directly correlated with the dose necessary to eliminate the 

shoulder from the survival curve of a repair proficient strain o f E. coli. It appeared unrelated 

to the relative near-ultraviolet sensitivities of a repair deficient strain, however. A radiation 

dose of 10  ̂J/m^ at 365 nm slightly sensitised the cells to 45°C treatment (normally non-lethal) 

and strongly sensitised the cells to 48“C treatment (normally 80% survival after 2 hours). 

Tynell proposed that in addition to DNA damage, both heat treatment and near ultraviolet 

treatment interfere with cells’ DNA recovery mechanisms so that the combination of the two 

leads to a strong positive interaction, which is significant for reactivation and repair of bacteria 

following solar treatment of water.

It has also been reported that the combined exposure to UV radiation plus heat in the 

SODIS process has a synergistic effect on microbial inactivation, producing greater
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inactivation than predicted by comparable levels of exposure to either one of the two agents 

alone. Synergistic effects between thermal and UV-A radiation are generally expected at 

temperatures above 45°C (McGuigan et al., 1998; Ahammed, 2008; McGuigan et al., 2012).

Wegelin et al. (1994) reported that water temperatures between 20 and 40 °C did not affect 

the inactivation of bacteria by UV-A and visible light but synergistic effects were observed at 

a threshold water temperature of 50°C. Joyce et al. (1996) showed that the heating effect of 

Kenyan sunlight, with irradiances between 760 and 800 W/m , could produce complete 

inactivation o f high populations of E. coli in highly turbid water within 7 hours if the water 

temperature reached at least 55°C. McGuigan et al. (1998) carried out a series of experiments 

exposing E. coli to varying levels of irradiance (100, 400 and 700 W/m ), temperature and 

turbidity (0 and 200 NTU). Irrespective of the irradiance level, all samples that experienced 

the highest water temperature regimen (maximum temperature 55°C) were totally inactivated 

within at most 7 hours of the start of the simulation, and in each case no subsequent bacterial 

recovery was observed after leaving the samples to cool down overnight. For all values of 

thermal regime and turbidity, an increase in the irradiance produced a corresponding increase 

in bacterial inactivation. Bacteria in samples that achieved intermediate water temperatures 

(about 45°C) were fiilly and permanently inactivated if the water was of low turbidity and 

exposed to high irradiances (700 W/m^) for periods of up to 7 hours (McGuigan et al., 1998).

Oates et al. (2003) found that compared to lower water temperatures, only one-third of the 

UV-A fluence was required to inactivate E. coli at 50°C. Blanco et al. (2009) showed that 

differences in bacterial inactivation rates at temperatures between 12 and 40°C were negligible 

but the bactericidal action was accelerated twofold when the temperature rose to 50°C.

As result of this evidence suggesting a thermal synergistic effect, many studies have 

attempted to enhance solar disinfection using some kind of solar thermal system. Rijal and 

Fujioka (2001) used a combination of solar radiation and solar heating to disinfect 

contaminated water. They found that direct solar radiation worked synergistically with solar 

heating and effective disinfection was observed even when the water temperature did not
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reach the set point of 60°C. Further research in 2003 involved circulating stream water and 

diluted sewage over a black surface in an enclosed casing, which was transparent to UV-A 

light, both with and without aluminium reflectors. During sunny conditions, solar units with 

and without reflectors inactivated E. coli to less than 1 CFU/lOOml. Solar units with reflectors 

disinfected the water sooner by increasing the water temperature by 8-10°C to 64-75°C. 

However, FRNA coliphages were still detected in these samples, indicating that this treatment 

may not inactivate pathogenic human enteric viruses. During cloudy conditions, reflectors 

only increased the water temperature by 3-4°C to a maximum of 43-49°C and E. coli was not 

completely inactivated.

Saitoh and El-Ghetany (2002) used a solar collector attached to a double glass envelope 

container to increase temperature. The parameters that affected the performance of the system 

included the glass container height and thickness, volume of the water sample, insulation type 

and thickness, clarity of the contaminated water and environmental conditions such as ambient 

temperature, wind speed and solar radiation intensity. Coliforms were eliminated within three 

hours of exposure to solar radiation, once the contaminated water temperature had reached the 

disinfection set point of 65°C. Results showed that for partially cloudy conditions with a low 

ambient temperature and high wind speeds, the thermal efficiency of the solar disinfectant was 

at a minimum.

Duff and Hodgson (2005) created a passive solar water pasteurisation system based on 

density difference flow principles, which maintained temperature set points effectively and 

eliminated issues with water boiling within the system. Walker et al. (2004) compared 

reflective, transmissive and absorptive rear surfaces, in a custom-made 1 litre heat-sealed PET 

pouch. When tested in declining (Autumn) and low (Winter) sunlight conditions, the 

reflective pouch was found to be more effective than the absorptive pouch. Results also 

showed that the performance o f the absorptive pouch was consistently poorer than the 

reflective pouch even when the temperature attained in the former was 52°C compared to 36°C 

in the latter.
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Martin-Dominguez et al. (2005) painted sections of SODIS bottles with black paint to 

enable the water to reach higher temperatures. The water temperature reached in the bottles 

was appreciably higher when using the half-black bottles as compared with transparent ones: 

25°C higher in the case of large concentrators and 15°C in the case o f the double parabola 

concentrator. Interestingly, despite the difference in temperature reached (maximum 

temperature recorded was 75°C), disinfection efficiencies for transparent and half-black 

bottles were similar. This indicates that the radiation blocked due to the black surface reduced 

the disinfection efficiency. These results suggest that temperature increase alone was 

insufficient to ensure disinfection and radiation penetration was the most important factor in 

the system.

From the solar-thermal point of view, bottles or tubes painted partially or totally with 

conventional black paint are among the least efficient systems for converting sunlight into 

heat. The most economic solar collectors have an average conversion efficiency of around 

30% and painted bottles or tubes have a somewhat lower efficiency than these. According to 

the principles of heat transfer, it takes approximately 1 -2 hours to heat 1 litre o f water inside a 

painted bottle from 20 to 45°C, assuming summer weather conditions, global irradiances of 

around 800 W/m^ and 30% conversion efficiency. In winter, depending on ambient 

temperature, the system would not reach the desired temperature, mainly due to heat losses to 

the environment (Navntoft et al., 2008).

Jamil et al. (2009) investigated the potential of using solar energy to pasteurise water, using 

a low cost 3 litre solar-box type pasteuriser made from local materials. The system was able 

to maintain temperatures between 60 and 70°C continuously for 60 minutes, which was 

adequate for deactivation of coliforms. The maximum water temperature on a clear sunny day 

was found to be 67°C, corresponding to an ambient temperature of 40°C.

Finally, Fabbricino and d'Antonio (2012) studied thermal effects on a pilot scale continuous 

plug flow reactor capable o f serving about six people and temperature was found to play an 

important role in the disinfection process, even in cases o f limited solar radiation intensities.
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The highest temperatures achieved with the solar concentrator were in the range of 65-70°C, 

while those reached without the solar concentrator were in the range of 55-60°C. A 

comparison between transparent and black-painted glass reactors showed no difference 

between the two casings (see Section 2.5.2.2 also).

2.10. Continuous Flow Solar Disinfection Reactor Design

The design and dimensions of the absorber and reflectors in a solar reactor can serve to 

greatly improve or impede UV penetration and disinfection efficiency. Accurate design is 

essential in ensuring that the required UV dose is achieved for the volume of water being 

treated. Some design considerations will be reviewed in this section.

2.10.1. Tubes

Since most inactivation of bacteria under sunlight is attributed to UV-A wavelengths, the 

transmissivity of the reactor absorber material to UV-A radiation is an important aspect of 

solar treatment. Absorber materials must be highly transmissive, resistant to UV degradation 

and inert to chemicals. Quartz has excellent UV transmittance and chemical resistance but it 

is very expensive. Flouropolymers are commonly used but can only withstand low pressures 

due to their lack of rigidity. Increasing wall thickness counteracts this but lowers 

transmittance. In terms of plastic alternatives, better options include ethylene- 

tetraflourethylene and fluroethylenepropylene. A tubular reactor made of these materials with 

a 50 mm outer diameter and 0.6 mm thick has a hemispherical transmittance, in the interval of 

300-400 nm, of 61.6%. Low iron glass gives excellent transmittance, while normal glass 

absorbs a significant amount of UV light hitting it due to the iron content. Borosilicate glass 

such as Pyrex or Duran have low iron content and have a transmittance of 89-90% in the UV- 

A range (Malato Rodnguez et al., 2004; Polo-Lopez et a i, 2011).

SODIS and solar photocatalytic disinfection reactors made from borosilicate glass require 

approximately 20% less time and UV energy to completely inactivate E. coli compared to PET 

containers, such as soft drink bottles. This is almost certainly due to the more favourable UV
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transmission properties of the glass compared to PET (Duffy et a i, 2004). However, previous 

studies carried out at the Royal College of Surgeons Ireland showed that transparent PET 

bottles allow passage of more ultraviolet light than transparent glass bottles and although glass 

transmits ultraviolet light more readily, the thinness of plastic bottles compensates for plastic’s 

greater absorption of ultraviolet light (Conroy et a l, 1996).

When glass is irradiated there is an additional negative effect called ultraviolet solarisation, 

which is caused by the change in valence of certain polyvalent ions that are present in the 

glass. Iron ions are the main cause with Fe^  ̂changing to Fe^ ,̂ which absorb UV. Introducing 

0.1% of Si in the glass melting process can reduce this phenomenon (Malato Rodnguez et a i, 

2004).

Ubomba-Jaswa et al. (2010) observed that methacrylate compared well with borosilicate 

glass during solar disinfection in terms of reduction of bacterial concentrations, despite a 

reduction in UV-A transparency. Compared with PET and borosilicate glass, methacrylate 

filters out solar UV-B and a significant portion of the UV-A radiation. Methacrylate has a 

high-pass transmission cut-off at about 370 nm, whereas for PET and borosilicate glass, 

transmission starts at 320 nm and 290 nm respectively. A reactor constructed with 

methacrylate is much more robust and less expensive than a system constructed from 

borosilicate glass, however. These results indicated that useful inactivation can still occur not 

only in the absence of UV-B, but also when there is severe reduction in the amount of UV-A. 

The results also indicated that visible light wavelengths are an important component in solar 

inactivation of microorganisms. Carey et al. (2011) showed that acrylic is an effective 

alternative to PET for use in the SODIS method due to its greater UV transparency.

Uniform and turbulent flow must be maintained in the reactor tube to ensure required 

residence time and avoid deposition, particularly if a suspended catalyst is being used. 

However, turbulent flow can cause high friction losses, and generally diameters of less than 20 

mm are not considered feasible due to the high pressure drop caused across the absorber. 

Design must also ensure that all incoming photons are used and do not escape without having
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intercepted a particle in the reactor and so diameters greater than 50-60 mm are not practical. 

25-50 mm is considered the optimum diameter for a photoreactor (Malato Rodriguez et a l, 

2004).

2.10.2. Solar Collector

The radiation power density received from the sun at the earth’s surface (S) peaks at 

approximately 1000 W/m depending on conditions. If this power is absorbed by a perfect 

black body, the equilibrium temperature T of the black body can be given as:

cfr‘̂ =  5  Equation 2-7

This ignores factors such as convection, conduction losses etc. and a  is the Stefan- 

Boltzmann constant, 5.67 x 10'^ Wm'^K"^. For S = IkWm'^, T = 364K

Solar collectors efficiently collect solar photons, enabling them to enter a suitable reactor to 

promote specific photolytic or photocatalytic reactions. The principle behind concentrators is 

to increase the power density of solar radiation, theoretically making it possible to reach 

temperatures greater than 364 K (Welford and Winston, 1978). The concentration ratio (C) of 

a solar collector is defined as the relationship between collector aperture area and absorber 

area. The aperture area is the area that intercepts the radiation and the absorber area is the area 

o f the reflector that receives the solar radiation. In terms of optical physics the design problem 

can be seen as designing an image-forming optical system of very large numerical aperture 

(small aperture ratio). Emerging from this is a class of very efficient concentrators, which 

exhibit large aberrations if used as image-forming systems and so there is a divide between 

image-forming and non-image forming systems.

Image forming systems focus an image of the sun at a point, which is where the absorber is 

positioned. A typical example is a parabolic mirror. They only work with rays parallel to the 

axis of the parabola which means that they can only use direct solar radiation. A parabolic 

trough is simply a linear translation of a two-dimensional parabolic reflector where, as a result
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of the linear translation, the focal point becomes a line. These are often called line-focus 

concentrators. If a receiver is mounted at the focus of a parabolic reflector, the reflected light 

will be absorbed and converted into heat. Parabolic concentrating collectors therefore have 

two principal fiinctions; reflection to a point or a line, and subsequent absorption by a receiver 

(Navntoft et a l, 2008). Non-imaging systems have a diffuse focus and no image is formed. 

The concentrated rays are homogeneously distributed in the absorber. For the purposes of 

solar disinfection, non-image forming systems are more efficient.

Solar collector systems can be broadly grouped into two further main categories, depending 

on the degree of concentration reached in them, which is directly related to the temperature 

attainable by the system.

2.10.2.1. Non-Concentrating, Low-Concentrating or Low Temperature

Systems (up to 150"C)

These are static collectors with no solar tracking mechanism and are the type of collector 

used in this research. Typically they are flat plates facing the equator with a specific 

inclination depending on the location latitude or the specific use. They can also have very low 

concentration ratios (generally below 1.5) and compound parabolic collector (CPC) type 

collectors are often used (see Section 2.10.3). The CPC combines the best characteristics of 

parabolic concentrators and flat static systems. They are suited to smaller scale applications 

and collect diffuse radiation but require larger photoreactor surface when compared to 

concentrating reactors and must be designed to withstand weather conditions. The main 

advantage of non-concentrating or low concentrating systems is their simplicity of design, low 

cost and low maintenance requirement. They can use both direct and diffuse solar radiation 

and have high optical efficiency (direct light transmission). Water will generally not heat 

unless design specifically targets this aspect (Malato et a l, 2004).
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2.10.2.2. Medium-Concentrating or Medium Temperature Systems (150-

400"C) and High-Concentrating or High Temperature Systems (over 400“C)

Medium concentrating collectors include solar tracking and concentrate solar radiation 5-50 

times. Types include parabolic-trough collectors (PTCs), linear Fresnel lenses and 

holographic collectors. PTCs consist of a structure that supports a reflective concentrating 

parabolic surface with a solar tracking system on one or two axes, which keep the collector 

aperture plane always perpendicular to the solar rays. They are generally small in size. 

Fresnel lens collectors consist of reflective surfaces similar to convex lenses that deflect 

radiation and concentrate it on a linear focus. Tracking allows the system to be much more 

efficient in terms o f overall energy collected throughout the day.

High-concentrating systems are based on a parabloid with solar tracking and have a focal 

point rather than a linear focus. These systems can concentrate solar radiation 100-10,000 

times, which requires high-precision optical components. They use a smaller reactor tube area 

compared to low-concentrating systems but are expensive and can only utilise direct solar 

radiation. They have lower optical than low concentrating systems and water overheating 

issues can occur (Malato Rodnguez et al., 2004).

Photochemical reactions generally make use of only high-energy photons o f short 

wavelength, in contrast to thermal applications, and there are significant differences between 

these two applications, although the design of photochemical systems is generally based on 

thermal design. For photochemical reactions the fluid must be directly exposed to the solar 

radiation, requiring a transparent lather than black absorber and the reflective elements must 

be optimised to reflect the required UV wavelengths for the process. In addition, thermal 

insulation is not necessary, since temperature does not play a specific role in the photocatalytic 

reaction (Malato Rodnguez et al., 2004).
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2.10.3. Compound Parabolic Concentrators (CPCs)

CPCs were invented in the 1960s to achieve solar concentration with static devices, since 

they were able to concentrate on the receiver all the radiation that arrived within the collector 

angle o f acceptance. CPCs are static collectors with a reflective surface designed to be ideal 

in the sense of non-imaging optics and can be designed for any given reactor shape. The CPC 

concentrates light rays that are not necessarily parallel nor aligned with the axis o f the 

concentrator and receivers can be flat plates at the base of the intersection of the two parabolas 

or a cylindrical tube passing through the region below the focus (Oommen and Jayaraman, 

2001; Rincon and Osorio, 2002; Navntoft et al., 2008). Figure 2-12 shows a schematic cross 

section of a CPC.

CPC
Axis

Absorber
Involute

Figure 2-12 Two dimensional CPC with semi-angle of acceptance (6a) of 60" (Malato Rodriguez et a i ,  

2004).

The concentration ratio o f the CPC, C, is given as:

^  1 «C = --------- = --------  Equation 2-8
sin 2Ylr

where, 0a is the semi-angle of acceptance, a is the aperture area and r is the radius.
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The semi-angle of acceptance, 6a, ranges from 60° to 90°, with a concentration ratio of 1.15 

at 60° and 1 at 90°.

CPCs provide enhancement to the disinfection process by concentrating the available solar 

radiation and therefore reducing the amount of exposure time required for bacterial 

inactivation under cloudy conditions. The wide angle of acceptance allows the receiver to 

collect both direct and a large proportion of diffiise light (1/C of it), thus allowing highly 

efficient use o f direct and diffuse solar radiation without tracking. It also decreases errors of 

both the reflective surface and receiver tube alignment, which are important in achieving a low 

cost photoreactor. The available hours o f sun within the acceptance angle diminishes as the 

concentration factor rises but for a concentration factor o f 1 and half-acceptance angle of 90°, 

the concentrator accepts all sun rays from sunrise until sunset. The light reflected by the CPC 

is distributed all around the tubular receiver, so that almost the entire circumference of the 

receiver tube is illuminated and the light incident on the photoreactor is the same as that which 

would impinge on a flat plate (Oommen and Jayaraman, 2001; Rincon and Osorio, 2002; 

Malato Rodnguez et a i,  2004; Navntoft et al., 2008; Polo-Lopez et a l, 2011).

The solar disinfection process relies heavily on the UV-A wavelengths present in sunlight 

(315-400 nm). On sunny days, the solar UV-A spectrum is composed of approximately 60% 

direct and 40% diffuse solar radiation. Given the diffuse nature of the UV-A, the use of 

concentrating systems based on non-imaging optics with low concentrating factor has obvious 

potential compared to imaging optics-based systems (Navntoft et a i,  2008).

Other advantages include no evaporation; no water heating; high optical efficiency (use 

almost all available radiation); high quantum efficiency (do not receive a high flow of 

photons); turbulent flow in tube reactor; low cost mirrors can be used; and they can be 

manufactured at a similar cost to flat plate concentrators. Disadvantages include the ratio of 

reflector area to acceptance area is very large for the full CPC, especially when the half 

acceptance angle is small; the mirror and the receiver are generally in contact, so conduction
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heat losses from the receiver to the mirror are great; and it is not possible to enclose the 

receiver in order to reduce convection losses (Rincon and Osorio, 2002).

These drawbacks can be addressed, however. Truncating the upper reflection section 

slightly reduces the geometric concentration but the collection of both beam and diffuse 

radiation increases and the collector has a higher optical efficiency. The area of CPC 

reflectors can be truncated to almost 50% of their actual length with a loss of less than 10% in 

the concentration ratio, due to the non-imaging optics used by CPC reflectors. By introducing 

a separation between the receiver and the reflector conduction can be reduced. Finally, a 

cover tube which allows a vacuum insulation of the absorber can be introduced to reduce 

convection if a gap exists but the gap and the glazing around the receiver increase optical 

losses (Rincon and Osorio, 2002; Polo-Lopez et a l, 2011).

Colina-Marquez et al. (2010) have looked at the optimisation of solar photocatalytic 

reactors and found that the CPC has on average 70% higher photon absorption efficiency than 

a tubular reactor and requires 39% less catalyst to operate under optimum conditions.

2.10.4. Reflector Material

Aluminium is the best surface for reflecting UV radiation since this is the only metal which 

is highly reflective in the UV spectrum of solar radiation between 300 and 400 nm. The 

reflectance is very stable within this range with a value of approximately 92.5% at 385 nm 

(Enteria and Akbarzadeh, 2013). In addition to being highly reflective within this range, the 

surface must also be weather resistant and economical. A polished aluminium surface is very 

fragile and oxidizes rapidly, especially when exposed to outdoor conditions and so must be 

protected. Reflectors made from highly reflective anodised aluminium with a concentration 

factor of 1, have a reflectivity of 87% for UV-A and 90% for the visible and infra-red portions 

of the solar spectrum (Ubomba-Jaswa et a l, 2009).

Navntoft et al. (2008) tested the impacts of mirror degradation on solar disinfection. 

Reflectivity measurements performed on new mirrors reported homogeneous values over the
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surface of 82%. 3-year-old mirrors reported non-homogeneous values between 27% and 72% 

of surface reflectivity over the length of the material. The use of 3-year-old and new CPC 

mirrors for solar disinfection in glass tubes were evaluated on cloudy days and both systems 

reached the detection limit but the system without a CPC fitted did not. In addition, tests were 

carried out with and without a new CPC on clear, sunny days. Inactivation was one hour 

faster in the system fitted with the CPC and in terms o f cumulative dose, 40% more energy 

was required to achieve inactivation on clear days with the non-CPC system. None of the tests 

reached temperatures higher than 33°C.

2.10.5. Thermal Performance of CPCs

The vast majority o f CPC research looks at optical and geometric analysis of CPCs, rather 

than thermal analysis o f these devices but some o f the findings o f thermal CPC investigations 

are included here. The basic parameter to consider in CPC thermal analysis is the collector 

thermal efficiency. This is defined as the ratio of the useful energy delivered to the energy 

incident on the collector aperture. The incident solar flux consists of direct and diffuse 

radiation and to determine the overall efficiency, it is necessary to derive appropriate 

expressions for the collector efficiency factor Fo; the loss coefficient Ul and the collector heat 

removal factor Fr (Kalogirou, 2004).

Ronnelid et al. (1996) found that the heat loss coefficients of a flat plate solar collector 

could be up to 32% more than a prototype CPC solar collector. Khalifa and Al-Mutawalli 

(1998) carried out an experimental study to investigate the effect of using a two-axis sun 

tracking system on the thermal performance of compound parabolic concentrators (CPC). 

Two cases were examined: batch feeding was used in the first case, where no flow through the 

collector was allowed, while in the second case different steady water flow rates were used. In 

both cases, the variations o f water temperature in the systems were monitored. The tracking 

CPC collector showed a better performance with an increase in the collected energy of up to 

75% compared with an identical fixed collector. Kim et al. (2008) compared a conventional 

stationary CPC solar collector with a single axis tracking CPC solar collector in terms of outlet
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temperature, net heat flux to the absorber and thermal efficiency. Results showed the thermal 

efficiency of the tracking CPC solar collector was more stable and about 14.9% higher than 

that of the stationary CPC solar collector.

CPC solar collectors combined with doubled layered evacuated glass tubes are employed in 

many solar systems because conductive and convective heat losses can be eliminated by the 

resulting vacuum space. Hong-yu et al. (2011) looked at the heat transfer mechanism of a 

CPC evacuated tubular solar collector, with and without a glass cover. They concluded that 

the collector without a glass cover had better thermal efficiency than that of the collector with 

a glass cover under the same radiation intensity of 800 W/m , when the operating temperature 

was low. However, the collector with the glass cover became more thermally efficient than 

that of the collector without a cover, when the operating temperature was increased.

2.11. Solar Disinfection Case Studies

2.11.1. Continuous Flow Reactor -  Ndulyani, Kenya

A pilot study for a continuous flow solar water disinfection system was carried out in the 

village of Ndulyani, Kenya in 2008 by Gill and Price (2010). The CPC reactor was supplied 

with water from a river dam and the treated water was stored in central storage vessels, as 

shown in Figure 2-13. All water flowed by gravity in order to keep the system as simple as 

possible.

The design parameters which were used to determine the size o f the required system 

included:

• The population size and per capita daily requirement of water

• The daily amount and intensity of solar radiation

• The threshold solar UV intensity required to ensure disinfection
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• The initial concentration of contaminants

• The disinfection rate coefficient
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Figure 2-13 Schematic continuous flow solar water disinfection system.

For the pilot project, a target population of 500 people in the village was taken for the 

preliminary design. A water consumption of 10 litres per person per day for drinking, cooking 

and personal hygiene was assumed on the basis of previous surveys in the region, yielding a 

required total o f 5000 litres per day. The system design was then based upon a threshold solar 

UV intensity o f 25 W/m^ which could be assumed to be met or exceeded for at least 8 hours 

every day (i.e. between 9am and 5pm) at the project site latitude. From this, the mean 

continuous flow rate during the 8 operating hours per day was calculated to be 10.4 litre/min. 

The microbiological quality of the water from the dam was conservatively assumed to contain 

E. coli concentrations of 10  ̂CFU/lOOml and an inactivation constant (k) of 1.7 litre/kJuv was 

used for the design on the basis of previous work on a similar reactor. Using the collector area 

receiving the threshold UV intensity and the mean flow rate, a total length o f reactor pipe of 

128 m was then calculated in order to achieve complete disinfection, equating to 8.6 panels. 

Due to the conservative estimate of threshold UV, a total of 8 panels (120 m of reactor pipe)
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were used, giving contaminated water a residence time of 20 minutes in the system. Initial 

results for the pilot project, shown in Figure 2-14, indicated effective disinfection and with 

starting concentrations in the order of 1,000 CFU/100ml or less, samples were observed to 

reach the detection limit after passing through the system. (Gill and Price, 2010)

Figure 2-14 Continuous flow solar water disinfection system and river dam feeding the system, 2008.

2.11.2. Sequential Batch Reactor -  Spain

Polo-Lopez et al. (2011) developed a single-pass sequential batch photoreactor. The 

enhanced CPC photoreactor with a concentration factor of 1.89 automatically dispensed 

treated water into a collection tank, once a pre-determined UV-A dose had been received. This 

was achieved using UV-A radiation sensors and a control system to operate automated inlet 

and outlet valves at the necessary times. The enhanced reactor decreased the exposure time 

required to achieve the lethal UV-A dose, when compared to a standard CPC photoreactor 

with a concentration factor of 1. Doubling the lethal UV-A dose also prevented the need for a 

period o f post-exposure dark inactivation and reduced the overall treatment time. This reactor 

allows solar disinfection to be carried out automatically at an affordable cost, with reduced 

exposure time and minimal user input. Six modules of this type would be capable o f treating
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90 litres of water per day at a cost of approximately $0.23 per 100 litres, assuming a life-span 

of ten years.

2.11.3. SODIS -  South Africa, Kenya, Cambodia

The Royal College o f Surgeons Ireland carried out a health impact assessment of SODIS 

looking at children between 6 months and 5 years during a 14 month trial in Kenya, Cambodia 

and South Africa. In each trial a control group maintained usual practices, while all test group 

families were given two 2 litre PET bottles per child. The test group placed bottles in the sun 

for 6 hours and drank water the day following treatment. A record of diarrhoeal incidences 

was kept by both groups using a pictorial diary. Project findings concluded that SODIS 

significantly reduces incidence of dysentery. (Note: a further study in Zimbabwe was 

compromised due to a cholera outbreak in the area and so the results are not included here.)

The Kenyan study was carried out in peri-urban and rural communities in Nakuru, Kenya. 

555 children in 404 households using SODIS were compared with 534 children in 361 

households with no intervention. Incidence rate ratios for both number o f days and episodes 

of dysentery and non-dysentery diarrhoea were significantly reduced by use of solar 

disinfection. Anthropometry measurements of weight and height showed median height-for- 

age was significantly increased in those using SODIS, corresponding to an average of 0.8 cm 

over a 1-year period over the group as a whole. Median weight-for-age was higher in the 

SODIS group, corresponding to a 0.23 kg difference in weight over the same period, however 

the impact was not statistically significant (du Preez et al., 2011).

During the Cambodian trial, 426 children in 375 households using SODIS were compared 

with 502 children in 407 households with no intervention. Study compliance was greater than 

90% and children in the SODIS group displayed a reduced incidence of dysentery. SODIS 

was also seen to have a protective effect against nondysentery diarrhoea. This study suggests 

strongly that SODIS is an effective and culturally acceptable point-of-use water treatment
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method in the culture of rural Cambodia and may be of benefit among similar communities in 

neighbouring South East Asian countries (McGuigan et a l,  2011).

The South African trial was carried out in a peri-urban environment, comparing 383 

children in 297 households using SODIS with 335 children in 267 households with no 

intervention. This trial reported low compliance levels, however, when compared to the 

studies in Kenya and Cambodia. Dysentery incidence rates were lower in those drinking solar 

disinfected water but the impact was not statistically significant. Compared with the control, 

only participants with higher motivation (defined as adhering to the study protocol at least 

75% of the time) achieved a significant reduction in dysentery. However, there was no 

significant reduction in risk at lower levels of motivation. This study showed that motivation 

is a significant determinant for measurable health gains as a result of SODIS (Du Preez et al., 

2010 ).

2.12. Arsenic Removal -  SORAS Process

Exposure to arsenic through consumption of groundwater has become a major public health 

problem in some regions of the world including in the USA, Taiwan, Mexico, Mongolia, 

Argentina, India, Chile, and Bangladesh. Figure 2-15 shows the occurrence o f arsenic 

contaminated water across the globe and the World Health Organisation recommends a 

maximum limit of 10 )j.g/litre in drinking water due to its toxicity.

More than 100 million people worldwide have been estimated to be chronically exposed to 

arsenic from drinking water containing high arsenic levels, which is associated with many 

health conditions, including skin lesions, various cancers, adverse reproductive outcomes, 

neurological disorders and cardiovascular effects such as black foot disease, atherosclerosis, 

cerebrovascular diseases and heart disease (Uddin and Huda, 2011).
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Figure 2-15 Areas with arsenic contaminated water worldwide (World Bank, 2005).

The Solar Oxidation and Removal o f Arsenic (SORAS) process involves subjecting water 

contaminated with arsenic to UV light to photochemically oxidise arsenite As (III) to As(V). 

Naturally occurring arsenic in groundwater is generally in the form o f As(III) but its rate o f 

oxidation by dissolved oxygen is very slow. This process is greatly accelerated in the SORAS 

process by exposing the water to sunlight in the presence o f iron, resulting in photochemical 

oxidation o f As(III). The process is similar to the Fenton reaction but in this case photons 

from UV radiation are absorbed by the iron, producing highly reactive hydroxyl radicals, 

rather than hydrogen peroxide oxidising the iron as with the Fenton reaction. The hydroxyl 

radicals allow the oxidation and reduction o f Fe(II) to Fe(III), and vice versa, producing more 

reactive oxygen species which convert As(III) to As(IV) and finally to As(V). It has been 

postulated that O2', CO3', H2O2 and O2 are the species responsible for As oxidation. Finally, 

the As(V) adsorbs to positively charged Fe(III) hydroxide particles, resulting in co

precipitation as the flocs settle out by gravity. (O'Farrell, 2012)
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The SORAS process has been used successfully in batch laboratory processes and also 

using PET bottles, similar to the SODIS process (Gabriela Garcia et a l,  2004; Lara et a i, 

2006; Mukheijee et al., 2007). O'Farrell (2012) extended this research to continuous flow 

reactors at the laboratory scale and also using the same full scale CPC utilised for experiments 

during this research. It has also been found for batch SORAS processes that if  a chelating 

agent is added prior to exposure to UV radiation, the rate of oxidation o f As(III) is greatly 

increased, however O'Farrell (2012) found that this was not the case for a continuous flow 

reactor, where the addition o f citrate was actually found to have a negative impact on removal. 

Figure 2-16 shows the typical SORAS process in a batch container.
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5 0 0  u g /L

4 -8  d ro p s  of 
lem o n  ju ic e

(100-200til)
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•O ;'. ‘ OH .  
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ox id es  1
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As(tot)
< 5 0  ^.g/L

Figure 2-16 Photochemical formation of the reactive oxidants and settlement of Fe-As (O'Farrell, 2012).

Arsenic contamination is most commonly found in groundwater, which is usually free from 

pathogens, but water sources for wells and boreholes can be become contaminated and so the 

efficacy o f combining SORAS and solar disinfection of water was investigated as part of this 

research in the continuous flow CPC, as a potential treatment option in cases o f arsenic and 

pathogenic contamination.
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2.13. Conclusions

It is clear that simple, inexpensive and durable water treatment methods, which can be 

employed successfiilly in the harsh environments of developing countries, are urgently 

required in order to improve access to safe drinking water for millions of people globally. As 

noted in this review, a large body of research has been conducted to date on batch solar 

disinfection methods and the material presented in this thesis aims to contribute to the less 

prevalent area of continuous solar disinfection. The research builds on previous studies 

carried out (McLoughlin et a i, 2004a&b; Gill and Price, 2010; Misstear and Gill, 2012a&b; 

Misstear et a i, 2013) and investigates the optimisation options for a full scale once-through 

continuous flow system, which could potentially be employed as a centralised comm*unity 

treatment system for drinking water in developing countries. Specifically this research 

investigated the introduction of photocatalytic, stroboscopic and thermal synergistic effects to 

two full-scale continuous systems: a standard CPC and a newly designed and fabricated PTC. 

While fiill scale once-through experiments were not a feasible option, recirculating continuous 

trials were conducted, the inactivation kinetics of which can be applied conservatively to the 

design of once-through systems, which are more efficient than recirculating systems. The 

ultimate aim of this research is to enable further field pilot projects to be carried out and 

assessed, such as the system installed in Kenya in 2008 by Gill and Price (2010) and 

subsequently rehabilitated as part of this research, as outlined in the case study in Chapter 8. 

Such projects are essential in the effort to bring continuous flow solar disinfection from the 

laboratory to the field and thus assist in making centralised continuous flow solar disinfection 

systems a resilient and sustainable water treatment option for the fiiture.
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Chapter 3 - Materials and Methods

3.1. Introduction

This chapter reviews the materials and methods that were used during experimental 

research, which included photolytic and photocatalytic treatment of a range of bacteria and 

viruses, as well as experiments investigating the effects of heat and various stroboscopic 

regimes on pathogens. Experiments were also carried out to investigate the combination of 

photolytic treatment of bacteria with removal of arsenic from contaminated water.

3.2. Materials 

3.2.1. Bacteria

Bacteria tested during experiments included: Escherichia coli. Pseudomonas aeruginosa, 

Enterococcus faecalis. Bacillus megaterium. Bacillus suhtilis, Klebsiella pneumoniae, 

Enterobacter aerogenes. Salmonella enteritidis, Serratia marcescens and Staphylococcus 

aureus oxford. The properties of each bacterium are listed in Table 3-1. Four Gram-positive 

and six Gram-negative bacteria were included in the test group, in order to assess any 

difference in sensitivity due to the morphological differences between these bacteria. Gram- 

positive bacteria have a thick mesh-like cell wall made of peptidoglycan, while Gram-negative 

bacteria have a thin cell wall (Pal et a i, 2007).

E. coli, K12 was supplied by ATCC® (ATCC 10798) and P. aeruginosa, 45 was supplied 

by NCIMB® (NCIMB950). All other bacteria in the test group were laboratory teaching 

strains from the Applied Microbiology Laboratory at The Moyne Institute, Trinity College 

Dublin. All bacteria were stored in freeze-dried form at -80°C before being prepared to give a 

suitable starting concentration for each experiment (typically 1x10^ CFU/ml). (See Section 

3.3.1 for details.)
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Table 3-1 Bacteria tested.

Escherichia coli Gratn-negative Facultative anaerobic, non- 
sporeforming, rod shaped

2 x0 .5 -1 .0

Pseudomonas
aeruginosa

Gram-negative Aerobic, rod-shaped, unipolar 
mobility

1.5 X 0.5

Enterococcus faecalis Gram-positive Facultative anaerobic, non-motile 0.5-1 xO.5-1.0

Bacillus megaterium Gram-positive Endosporc forming, rod shaped 4 x  1.5

Bacillus subtilis Gram-positive Endospore forming, rod shaped 3 X 1.5

Klebsiella pneumoniae Gram-negative Non-motile, encapsulated, facultative 
anaerobic, rod shaped

1-2 X 0.5

Enterobacter aerogenes Gram-negative Rod shaped 1.5-3 X 0.5-1.0

Salmonella enteritidis Gram-negative Rod shaped 2 .0-5 .0x0 .7-I.5

Serratia marcescens Gram-negative Motile, rod shaped 0.5-0.8 X 0.9-2

Staphylococcus aureus 
oxford

Giam-positive Spherical, cluster-forming, non- 
motile, non-sporeforming, facultative 
anaerobe

0 . 6  X 0 . 6

3.2.1.1. Growth Media

The growth media used for all bacteria listed in Table 3-1 were Luria Agar and Luria Broth, 

supplied by Sigma-Aldrich®. Broth was prepared by adding 25g o f  broth powder to 1 litre o f  

distilled water. The broth was autoclaved (in HiClave HV-25 autoclave, HMC, Japan) at
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121“C for 40 minutes to sterilise and then allowed to cool before inoculating with the bacteria 

to be propagated. Agar was prepared by adding 36g o f agar powder to I litre o f distilled 

water. The agar was autoclaved at 121°C for 40 minutes to sterilise and 25 g was poured into 

petri dishes in a sterile laminar flow booth, when the agar had cooled to 40°C. All plates were 

dried in a sterile laminar flow booth before use. Prepared plates and broth were stored at 4°C 

and used within three days of preparation.

3.2.2. Bacteriophages

Three bacteriophages were used during research, with properties as outlined in Table 3-2. 

Bacteriophages were supplied by ATCC® and were stored at -80°C in freeze-dried form until 

ready for use. They were then rehydrated as outlined in Section 3.3.2 and stocks of 

bacteriophages were stored at 4°C for use in experiments. The concentration o f stock solution 

were determined as outlined in Section 3.3.2 and the correct amount of solution was added to 

the reactors during experiments to ensure a starting concentration of 1 x 10  ̂CFU/ml.

Table 3-2 Bacteriophages tested (Misstear and Gill, 2012b).

MS2
(BAA-769-B1)

Male
specific
F-RNA

Leviviridae 26 Icosahedral 3.5-3.9 Linear, ss-RNA

4»X174
(13706-Bl)

Somatic Microfiridae 25-27 Icosahedral 6.6 Linear, ss-DNA

PR772
(15597-81)

Somatic Tectiviridai 63 Icosahedral 3.8-4.2 Linear, ss-DNA
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3.2.2.1. Host Bacteria

Each bacteriophage required specific host bacteria in order to grow. The bacteria used for 

each are outlined in Table 3-3:

Table 3-3 Host bacteria for bacteriophages.

MS2 Escherichia coli 15597

0X174 Escherichia coli 13706

PR 772 Escherichia coli BAA-769

All bacteria were supplied by ATCC® and stored in freeze-dried form at -80“C before being 

prepared for use in bacteriophage experiments. See Section 3.3.1 for preparation procedure.

3.2.2,2. Growth Media

All bacteriophages and host bacteria were rehydrated in tryptic soy broth, supplied by 

Unitech®. The bacteriophages were propagated using petri dishes filled with tryptic soy agar 

with a layer of tryptic soy top agar inoculated with the host bacteria. These were also used for 

plating experimental samples. All agar and broth was supplied by Unitech®. Procedures for 

propagation and enumeration are outlined in Section 3.3.2.

3.2.3. Reactors

As discussed in Section 2.10.2, solar collectors can be divided into two basic categories: 

non-concentrating (or stationary) collectors and concentrating collectors. Concentrating 

collectors require a tracking mechanism which allows the collector to track the sun accurately, 

enabling systems to be much more efficient in collecting solar energy as the orientation of
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direct solar radiation changes during the course of a day. The purpose of tracking is to allow 

concentration of direct solar radiation, which has a known vector unlike diffuse radiation 

which scatters in random directions. Solar collectors without concentrators are static systems 

(Welford and Winston, 1978; Kalogirou, 2004; Malato Rodnguez et al., 2004). The reactors 

employed in this research were kept non-tracking, as any tracking device would add an extra 

element of mechanical and operational complexity to the continuous flow disinfection system 

making it unsuitable for use in a developing country context, where simple and robust systems 

are necessary.

3.2.3.1. Compound Parabolic Collector Design

Compound parabolic collectors (CPCs) consist o f a trough with two sections o f a parabola 

facing each other. The compound parabolas have the capability of reflecting to the absorber 

all of the incident radiation within wide limits, reducing the need to track the sun. Any 

radiation which enters the aperture, within the collector acceptance angle, will undergo 

multiple internal reflections, eventually reaching the absorber surface located at the bottom of 

the collector, as shown in Figure 3-1. UV radiation reflected by the CPC is also distributed 

around the back of the absorber and as a result most of the reactor tube circumference is 

illuminated.

Incident radiation

//////////.
W//////////f.

^/ / / / / .

J/////////A/IIIL
' / / / / / / / / /  ■ 
■■ i .'//'//:

Photocatalytic reactor 
(pyrex glass tube) Reflecting surface 

(electropolished aluminium)

Figure 3-1 Incident radiation reflecting from CPC to absorber.
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The CPC profile for the continuous flow reactor had a concentration ratio of 1, half 

acceptance angle of 90°, aperture width of 16 cm and external pipe diameter of 5 cm (Figure 

3-2). When a CPC is designed with a half acceptance angle o f 90° and concentration ratio of 

1, all the radiation that reaches the aperture area of the CPC hits the reflector and is redirected 

to the absorber, allowing the collector to operate efficiently throughout the day (Malato 

Rodnguez et a l ,  2004). The absorber pipes were made from borosilicate glass which has a 

low iron content, ensuring a high transmissivity o f UV radiation.

Aperture width = 16cm

Pipe D = 5cm

Figure 3-2 CPC profile.

The CPC continuous flow reactor was manufactured by AO SOL in Portugal and consisted 

of ten 1.5 m long connected tubes, each positioned on a 1.5 m long CPC collector trough, as 

shown in Figure 3-3. The tubes had a 50 mm outside diameter, 46.4 mm inside diameter and 

were comiected with opaque plastic fittings lo form a continuous flowing pipe length of 20.5 

m, with 14.5 m being illuminated. The inside bore of the plastic connections was 25 mm.
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Figure 3-3 CPC reactor.

The reactor operated at atmospheric pressure and was gravity fed from an upper reservoir 

kept at 6 litres, flowing down to a lower reservoir of 9 litres. The total operating volume of 

the CPC was 40 litres and the illuminated volume at any moment was 22.5 litres. The total 

irradiated area of the system was 2.32 m (the area of tubes and reflectors). Water was 

recirculated through the system using a peristaltic pump from the bottom reservoir to the top 

reservoir at a flowrate o f 9.6 litre/min, which ensured turbulent flow. The main operating 

parameters of the CPC are outlined in Table 3-4.
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Table 3-4 CPC dimensions and operating parameters.

Half-acceptance angle 90“

Concentration ratio 1

Reflector material Anodised polished aluminium

Tube material Borosilicate glass, Schott®

Tube length 1.5 m

Tube outside diameter 50 mm

Tube thickness 1.8 mm

Total length (10 tubes plus fittings) 20.5 m

Total recirculating volume 40 litres

Total illuminated volume 22.5 litres

I'otal illuminated area 2.32 m^

Flowrate 9.6 litre/min
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3.2.3.2. Parabolic Trough Collector Design

Parabolic trough collectors (PTC) consist of a reflective receiver trough with a parabolic 

shape and the absorber is positioned along the focal line o f the parabola. When the parabolic 

trough is directed at the sun, parallel rays incident on the reflector are reflected onto the 

receiver tube (Figure 3-4).

Sun rays

ReceiverParabola

Tracking
mechanism

Figure 3-4 Schematic of basic parabolic trough design (Kalogirou, 2007).

The PTC can use a single axis tracking system with the collector orientated in an east-west 

direction, tracking the sun from north to south, or orientated in a north-south direction and 

tracking the sun from east to west. The main advantage of east-west orientation is that less 

collector adjustment is required during the day and the full aperture always faces the sun at 

midday. However, the collector efficiency is reduced significantly during the early morning 

and late afternoon due to large incidence angles (cosine loss) with this orientation (even when 

tracking). Tracking collectors which are east-west orientated tend to be efficient within a 3- 

hour period either side of midday (Garg, 1987). North-south orientated troughs experience 

highest cosine loss at midday and lowest losses in the mornings and afternoons, when the sun 

is due east or west, but experience lower overall losses compared to east-west orientations. 

Tracking parabolic trough collectors are used to effectively produce heat at temperatures 

between 50°C and 400°C for solar thermal electricity generation or process heat applications 

(Kalogirou, 2004; Femandez-Garcia et a l, 2010). Absorbers for thermal applications tend to
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be made o f black metal surrounded by a clear evacuated tube to reduce convection and 

conduction heat losses and are small in diameter relative to the parabolic diameter.

In order to compare the thermal performance o f the basic non-concentrating CPC design 

with an alternative reactor design, a new PTC reactor with larger reflector size was designed 

and fabricated, the aim o f which was to increase the solar gain per glass tube, compared to the 

CPC, and thereby raise the temperature o f the water. The PTC was fabricated in a very simple 

manner at the Civil Engineering laboratories, Trinity College Dublin, in an effort to produce 

something which could be easily replicated in a developing country context, where supplies 

and expertise might be limited.

The reactor consisted o f five borosilicate glass tubes and five large parabolic-shaped 

reflectors with an aperture width o f 32 cm. This was twice the width o f the original CPC 

aperture. The parabolic reflector was designed using the equation o f a parabola through the 

origin, y = x^/ 4f, where the parabola focal point, f, was located at the centre o f the glass tube 

(f  = 2.5 cm). This gave a diameter o f 32 cm and a trough depth o f 25.6 cm, with a 

concentration ratio o f 2. The parabolic trough collectors were made by bending sheets of 

polished aluminium sheets (0.5 mm thick) into a parabolic shape, using a parabola template 

with the required focal point, depth and diameter (see Figure 3-5).

Diameter = 32cm

Depth = 
25.6cm

f = 2.5cm

Figure 3-5 PTC profile.
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The reactor consisted of five 1.5 m length borosilicate glass tubes (manufactured by 

Schott®) of 50 mm outside diameter and 1.8 mm thickness. The glass tubes were connected 

using PVC fittings, with an inside diameter of 50 mm. The length of each fitting connecting 

the tubes was 500 mm and the total pipe length of the reactor was 10.5 m, 7.25 m being 

illuminated. The five glass tubes were positioned on the reflectors, so the focal point of the 

parabola was the centre of each tube. The overall collector area for the parabolic design was 

the same as the original CPC reactor (2.32 m^) but with only five glass tubes in the panel 

compared to ten in the CPC, as shown in Figure 3-6. The reduced number of tubes in the PTC 

design compared to the CPC was intended to reduce the overall losses in the reactor due to 

heat convection from the tubes. The larger reflector area per tube was intended to increase the 

overall solar gain per tube.

Figure 3-6 PTC reactor.

The total recirculating volume of the system was 30 litres and the irradiated volume was 

11.4 litres. Water was recirculated through the reactor from the lower to the upper reservoir
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using a peristaltic pump at a flowrate o f  10.4 litre/min, which ensured turbulent flow. The 

main operating parameters o f  the PTC are outlined in Table 3-5.

Table 3-5 PTC dimensions and operating parameters.

Diameter of reflector 320 nun

Focal point of reflector 25 mm

Reflector material Polished aluminium, not anodised

Tube material Borosilicate glass, Schott®

l ube length 1.5 m

Tube outside diameter 50 mm

Tube thickness 1.8 mm

Total length (5 tubes plus PVC fittings) 10.5 m

Total recirculating volume 30 litres

Total illuminated volume 11.5 litres

Total illuminated area 2.32 m^

Flowrate 10.4 litre/min
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Parabolic collectors can only utilise direct solar radiation and if  these systems are non

tracking, they will be considerably less efficient than a non-tracking CPC which can also 

utilise diffuse rays. The decision to maintain the reactor as a stationary system would 

inevitably compromise the thermal performance o f  the reactor. However, due to requirement 

for simplicity o f  design and fabrication, testing o f  this design was considered important, as it 

could be more easily replicated than a CPC, which has a more complex reflector design.

3.2.4. Photocatalytic Media

A range o f  photocatalytic materials were used during experiments. These included 

powdered materials which were added to the reactors in suspension, as well as fixed catalysts 

including Ti0 2  paper and a Ti0 2  spray.

3.2.4.1. Suspended Catalysts

The suspended photocatalytic materials used during experiments were:

•  Nano ZnO powder.

•  Nano-Ti02 (prepared at 700°C) with low surface area and high crystallinity.

•  Ruthenium in the form Tris (2,2'-bipyridyl)dichlororuthenium(II) hexahydrate 

(which dissolved into solution).

The ZnO and Ti02 nano-powders were prepared at Dublin Institute o f  Technology. Tris 

(2,2'-bipyridyl)dichlororuthenium(II) hexahydrate was supplied by Sigma-Aldrich and this 

ruthenium complex is commonly referred to as Ru(bpy)3Cl2.

Properties o f  ZnO and Ti02 powders are outlined in Table 3-6. It should be noted that 

fiirthcr analyses o f  the Ti0 2  powder after experiments revealed that it had transformed into the 

significantly less active rutile form o f  Ti0 2  and was not predominantly anatase, as had been 

expected.
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Table 3-6 Suspended catalyst properties.

ZnO 238.716 25.03

TiOi 22.731 40.66

3.2.4.2. Fixed Catalysts

Fixed catalysts employed during experiments included Ti02 paper and a Ti02 spray. The 

catalyst paper used was Ahlstrom® 1048 Ti02 non-woven paper, with chemical and physical 

properties as outlined in Table 3-7. The Ti02 paper was wrapped around fixed nylon catalyst 

inserts using thin plastic tie-wraps.

Table 3-7 Properties of Ahlstrom® 1048 TiOj paper (data from Ahlstrom® and Barka et al. (2008)

PC500 TiOz 16 g/m^

Colloidal silica, SiO: 16 g/m^

Mass per unit area 75 g/m^

Thickness 254 Jim
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A spray TiOa catalyst was used during bench scale experiment. This was Ti02 1095™ 

liquid solution (from Self-clean Air & Surface Treatments Ltd., UK) containing nano-sized 

Ti0 2  particles.

3.2.4.3. Catalyst Inserts

Two types o f catalyst insert were previously designed for the CPC reactor by Misstear and 

Gill (2012a) using computational fluid dynamics (CFD) to simulate the percentage o f tracked 

particles coming into contact with the irradiated surface o f different support geometries, 

including cylindrical, conical and consecutive frusta and a spring. The number o f particles 

striking each insert was presumed to give a good representation o f the respective disinfection 

efficiencies o f each design, as photocatalysis is effectively a surface phenomenon. It was 

found that a conical frustum design was more than three times as efficient as a similarly-sized 

conventional cylindrical insert with regard to this parameter and arrangements o f shorter fhista 

exhibited even more promising traits. These inserts were fabricated in the Civil Engineering 

laboratories at Trinity College using nylon rods and were then covered with Ahlstrom® Ti02 

paper for use in experiments. The design o f the inserts is shown in Figure 3-7 and a 

photograph o f the covered inserts is shown in Figure 3-8.

200mm

Figure 3-7 Two conical frusta designs: single large frustum and five connected short frusta.
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Figure 3-8 Nylon conical frusta covered with TiO: paper.

3.2.4.4. Spring Water Photolysis

Photolytic disinfection o f  E. coli was carried out in spring water from a limestone bedrock 

source and compared to trials carried out in sterile distilled water. Water properties are shown 

in Table 3-8.

Table 3-8 Spring water quality

816.4 4.1 1 3.96 0.02 2 0.01 12 20 8.2 310

3.2.4.I. Arsenic Removal Chemicals

As(III) was the preferred form o f  arsenic for experiments as this is most common form in 

groundwater. As iron is a requirement in the SORAS technique, iron was dissolved from 

laboratory grade chemical powder. To obtain a stock solution o f  1 g/litre As, 1.32 g o f  Fluka® 

Arsenic trioxide (AS2 O3 ) was dissolved in 1 litre o f  distilled water using a Pyrex® beaker,
(S)

magnetic stirrer and hotplate. The stock solution was kept in a sealed Pyrex flask, and tested 

periodically with the ICP-AES (see Section 3.3.3.4) to ensure consistency. To prepare the iron
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stock solution, 4.84 g or 19.36 g o f  BHD® Iron(III)chloride 6-hydrate (FeCl36H20 ) was 

dissolved in 1 litre o f  distilled water to give a stock solution o f  1 g/litre and 4 g/litre Fe 

respectively. The stock solutions were kept in sealed Pyrex® flasks, and tested periodically 

with the ICP-AES to ensure consistency. (O'Farrell, 2012)

The following chemicals were used in the acidification and analysis o f  samples: Sigma- 

Aldrich® Nitric acid, Sigma-Aldrich® Hydrochloric acid, Fisher Scientific Sodium  

borohydride, BDH ® Sodium hydroxide, and all were reagent grade.

3.2.5. Instrumentation

A range o f  instrumentation was used during experiments, which will be outlined in this 

section.

3.2.5.I. Radiometer

UV-A radiation levels were measured using a PM A2100 radiometer, with UV -A sensor, as 

shown in Figure 3-9. The radiometer had a resolution o f  0.01 W/m^ and recorded UV-A  

intensities to 0.5% accuracy at regular intervals for the duration o f  all experiments, from 

which the cumulative UV-A doses received were calculated in kJ/litre.

Figure 3-9 UV-A radiometer.
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3.2.S.2. Pyranometer

Two pyranometers were used to measure global solar radiation and diffuse solar radiation 

to an accuracy o f +/- 2 W/m^ (Kipp and Zonen, CMl 1). The diffuse radiation was measured 

using the standard pyranometer fitted with a shadow ring (Kipp and Zonen, CM121) as shown 

in Figure 3-10. Both pyranometers were placed facing due south, away from potential 

shadows. The shadow ring kept the diffuse pyranometer in shade throughout the day, thus 

preventing direct sunlight from hitting the sensor. This ensured only diffuse solar radiation 

was measured. The shadow ring also blocked some diffiise sky radiation, however, and so a 

correction factor was used to refine the pyranometer measurement.

Figure 3-10 Standard pyranometer fitted with shadow ring to measure diffuse radiation.

3.2.S.3. Temperature Measurement

For the main solar disinfection experiments, both the inlet and outlet temperature of the 

CPC and PTC were measured using K-type thermocouples supplied by Radionics Ltd. (part
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number 363-0389), to an accuracy of 0.1 - 0.2°C. In order to model the thermal behaviour of 

the reactors, however, inlet and outlet water temperatures for both the CPC and PTC were 

measured using platinum resistance temperature sensors (Radionics PtlOO Class B sensor), 

with a 2.5 mm probe element as shown in Figure 3-11. These sensors were accurate to 

0.01”C. Ambient air temperatures were measured using a thermocouple, to an accuracy of 0.1 

- 0.2°C.

Figure 3-11 Platinum resistance temperature probe.

3.2.S.4. Heating System

During experiments to test the effects of heat on bacteria, water was heated using a standard 

Burco® water boiler controlled by a simple feedback temperature control system, as shown in 

Figure 3-12. The control system was a proportional-integral-derivative (PID) control module 

supplied by Radionics Ltd. The lower reservoir (a stainless steel bucket) was placed in the 

filled water heater (supported above the heater element) and water recirculating from the 

lower reservoir through the reactor was heated gradually to the control set point. A K-type 

thermocouple measured the water temperature, which was read by the PID controller, and the 

water heater was switched on and off automatically by the controller, in order to reach and 

maintain the temperature set point.
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Figure 3-12 Water heater and controller used to heat lower reservoir of CPC reactor.

3.2.5.S. UV-A Sources

For bench scale, batch experiments carried out in a 1 litre Pyrex® beaker, a 75 W Philips® 

HB175 facial solarium was used as a UV-A source. This consisted o f four UV-A tubes (see 

Figure 3-13) and was mounted beside the beaker, which was agitated during experiments to 

ensure all liquid particles received UV-A photons. The lamp gave a UV-A intensity of 

approximately 15 W/m^ at a distance o f 30 cm.

Figure 3-13 UV-A source for bench top experiments.
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For full scale indoor experiments using the CPC reactor, a custom-made lamp was used
■ftconsisting o f 11 x 100 W Microlight UV-A tubes at a parallel spacing o f 16 cm (centre tube 

to centre tube), each o f 1.75 m length (see Figure 3-14). The tubes were mounted in a frame 

o f 1.85 m height and 1.8 m width. The lamp was placed directly in front o f the CPC tubes at a 

distance o f 30 cm, which gave a UV-A output o f approximately 25 W/m^ to all tubes o f the 

reactor.

Figure 3-14 UV-A source for full scale CPC indoor experiments.

Approximate emission spectrum data for the UV-A tubes used in both lamps is shown in 

Figure 3-15.
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Figure 3-15 Emission spectra for artificial UV-A sources (Philips* data from Misstear (2010)).

3.2.S.6. Microbiological Equipment

All preparation and testing of experimental samples was carried out at the Moyne Institute 

Applied Microbiological Laboratories, Trinity College Dublin. A range of standard 

microbiological equipment was used during preparation and testing of bacteria and 

bacteriophages. These included autoclave for sterilisation of materials and equipment at 

121°C; sterile laminar flow booth for drying agar plates; agitating incubator for propagation of 

bacteria and bacteriophages; and centrifuge for separation of bacteria from agar and broth.

3.3. Methods

This section outlines the standard methods used for each type of experiment.

3.3.1. Preparation, Sampling and Enumeration of Bacteria

The heterotrophic plate count (HPC) method, outlined in APHA (1998) was employed for 

estimating the concentration of heterotrophic bacteria in contaminated and treated water.
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Colony Forming Units (CFU) is a measure of number of viable bacterial cells and 

concentrations of viable bacteria are given in CFU/ml.

In order to grow each bacteria type, a single bacterial colony was removed from an 

uncontaminated streaked plate. This was used to inoculate 100 ml of sterile Luria broth. The 

inoculated broth was incubated for 18 hours at 37°C, to yield a stationary phase culture. The 

broth mixture was then transferred to 50 ml sterile centrifiige tubes, which were centrifuged at 

6000 rpm for 30 minutes. The broth was poured off, 50 ml of sterile distilled water was added 

and the bacterial pellets were centrifuged again. This pellet washing procedure was repeated 

twice to ensure removal of all broth nutrients. The bacterial pellet was then diluted with 5 ml 

o f sterile distilled water to give an E. coli concentration of 1 x 10  ̂ CFU/ml. The required 

volume of the 1 x 10  ̂ CFU/ml liquid was added during experiments to give the necessary 

starting concentration, e.g. 40 ml added to 40 litres to give a starting concentration o f 1 x 10  ̂

CFU/ml.

The standard plate count method was used to enumerate bacteria. Samples were taken at 

regular intervals during experiments. In order to allow enumeration of single bacteria 

colonies, samples needed to be diluted. Serial dilutions of the samples were made by adding 

100 1̂ of the sample to 900 |il of sterile distilled water. This dilution was repeated as many 

times as necessary until a dilution which could be enumerated was achieved. The number of 

viable cells was determined by plating 20 îl of an appropriate dilution on dried sterile Luria 

agar plates in duplicate. Colonies were then counted following incubation at 37°C for 18 

hours. More than 50 colonies per 20 |j.l drop was deemed unacceptable, as colonies were 

difficult to distinguish, while less than 10 colonies per 20 ^1 was also unacceptable for 

statistical reasons.

For 20 |ul drops, the average total count was converted to CFU/ml using the following 

equation:

Average number o f  colonies x dilution factor x 50 = CFU/ml Equation 3-1
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For lower counts, 250 |nl was dropped onto a single plate using the spread plate method and 

incubated as normal. The number of colonies was then multiplied by four to convert to 

CFU/ml.

3.3.2. Bacteriophage Propagation and Titration

The host E. coli for each bacteriophage was rehydrated from freeze-dried form in tryptic 

soy broth and streaked on to a sterile tryptic soy agar plate. The streaked plate was then 

incubated for 18 hours at 37°C. A colony of the host E. coli was removed from the streaked 

plate following incubation and used to inoculate 100 ml of sterile tryptic soy broth. The 

inoculated broth was incubated for 18 hours in an agitated incubator at 37°C. Vials of top agar 

were melted and kept at 50°C in a water bath. 100 |il of the E. coli broth was added to the 

vial, which was agitated and immediately poured over a dry sterile tryptic soy agar plate. The 

top agar plates were allowed to dry at room temperature in a laminar flow booth for 20 

minutes. The plates were then quartered and 20 îl of each sample dilution were plated in 

duplicate. The plates were allowed to incubate for 18 hours at 37°C and the bacteriophage 

plaques were then counted and enumerated.

For 20 |il drops, the average total count was converted to PFU/ml (plaque forming units per 

millilitre) using the following equation:

Average number o f  colonies x  dilution factor x 50 -  PFU/ml Equation 3-2

For lower counts, 250 |il was dropped onto a single plate using the spread plate method and 

incubated as normal. The number c f  colonies v/as then multiplied by four to convert to 

PFU/ml.

In order to prepare stocks of bacteriophages for use in experiments, the above method was 

employed, with diluted phage stock streaked on numerous plates and allowed to incubate 

overnight. The top agar and plaques were scraped from plates into centrifuge tubes, which 

were then centrifiiged at 5000 rpm for 25 minutes in order to separate the E. coli and agar
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from the bacteriophage supernatant. The concentration of the supernatant was determined 

using the standard method of serial dilution and enumeration and the supernatant was then 

stored at 4°C for use in experiments.

3.3.3. Experimental Set-Up

The standard procedure for setting up and running each type of experiment is described in 

the following sections.

3.3.3.1. Bench Scale Experiments

The first set of bench scale experiments were carried out using E. coli and P. aeruginosa to 

test the effects o f temperature changes alone on these bacteria. All experiments were carried 

out in the dark, so UV-A radiation could have not impact the viability of the microorganisms. 

The experiments involved gradually heating one litre of water at room temperature 

contaminated with the bacteria to be tested to a particular temperature set point over a period 

of two hours, whilst taking samples every ten minutes once heating had begun. Samples were 

then plated as per Section 3.3.1 and the bacterial concentration of the water over time during 

the experiment was measured from which the kinetics of disinfection could be determined.

The second set of experiments tested the effects of temperature change in addition to 

exposure to artificial UV-A light on bacteria. The experiments involved gradually heating one 

litre of room temperature water contaminated with E. coli to a particular set point over a 

period of two hours, while exposing the water to artificial UV-A light (see Figure 3-10). 

Samples were again taken every ten minutes, plated and bacterial concentrations determined.

The final set of experiments tested the effects of temperature changes, while exposing 

bacteria to UV-A light in the presence o f a fixed titanium dioxide (Ti02) photocatalyst. The 

experiments involved gradually heating one litre of room temperature water contaminated 

with E. coli to a particular set point over a period of two hours, while exposing the water to 

artificial UV light. A TiOa catalyst was sprayed and dried on to the inside surface of the

106



Materials and Methods

beaker in which the water was heated, prior to the experiment. The catalyst used was Ti02 

1095™ liquid solution (from Self-clean Air & Surface Treatments Ltd., UK) containing nano

sized titanium dioxide (Ti02) particles. Samples were taken every ten minutes, plated and 

bacterial concentration determined as per the standard method.

3.3J.2. Outdoor Experiments -  CPC and PTC

The CPC and PTC were aligned to face due south and were tilted to an angle o f 53°21’, 

which is the angle o f latitude o f the experimental location. The reactors were positioned in an 

elevated area away from any potential shadowing.

The basic set-up for both reactors was the same and is outlined in the schematic for the 

CPC shown in Figure 3-16. Experiments were carried out with a fixed volume o f water, 

which was recirculated continuously through the system for the duration o f experiments. 

Neither system was pressurised and water was allowed to flow by gravity from the top 

reservoir through the reactor to the bottom reservoir. Water was then pumped using a 

peristaltic pump from the bottom reservoir to the top reservoir, maintaining a flowrate o f 9.6 

litre/min through the CPC and 10.4 litre/min in the PTC and keeping a constant pressure head 

in the top reservoir.
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Figure 3-16 Schematic of continuous recirculation during CPC experiments. The PTC was set up and 

operated in a similar manner.

Once recirculation was at a steady state, the lower reservoir was spiked with the particular 

bacteria or bacteriophage being tested at the beginning of each experiment and allowed to 

recirculate in the system for 5 minutes, while the reactor was covered, before the first sample 

was taken, corresponding to time zero. Samples were then taken at 15, 30, 45, 60, 90, 120, 

180, 240, 300 and 360 minutes. Samples were stored at 4°C and plated within two hours.

The UV-A sensors were attached to the frame of the reactors and so were positioned at the 

same angle to the sun as the reactors. Other data collected during experiments included inlet 

and outlet water temperatures; ambient air temperature; global and diffuse solar radiation.
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Prior to each experiment a water solution containing Milton® sterilising fluid was 

recirculated through the system for 30 minutes. The system was then flushed three times 

using tap water and once with sterile distilled water, before filling with sterile distilled water 

for each experiment.

3.3.3.3. Indoor Experiments Using Full Scale CPC

A series of indoor experiments using the fiill scale CPC were carried out in order to 

investigate the effects o f gradual heating to various temperature set points and exposure to 

UV-A light on E. coli and P. aeruginosa. The reactor was set up as described in Section 

3.3.3.2 but the bottom reservoir was replaced with a stainless steel bucket, which was placed 

mto a Burco water heater for the duration of the experiment. The experiment was set up as 

normal using the UV-A lamp shown in Figure 3-14 as a UV-A source. Contaminated water 

was recirculated for 5 hours while gradually heating to the set point. The heater was 

controlled using a simple control system which switched the water heater on and off in order 

to reach and maintain the temperature set point. Samples were taken at regular intervals and 

enumerated using the standard method.

3.3.3.4. Post-Irradiation Reactivation and Repair

In order to assess reactivation and repair o f bacteria following treatment, duplicate samples 

for each experimental sample taken were placed in a dark incubator at 37®C for 24 hours and 

48 hours, with the samples being re-plated after the 24 and 48-hour periods. The 24 and 48- 

hour samples were then enumerated using the basic method outlined in Section 3.3.1 and 

results were compared with the original samples taken on the day of the experiment in order to 

assess the extent of reactivation and repair.

3.3.3.5. Arsenic Removal Experiments

Arsenic and iron stock solutions were used to give initial concentrations of 1000 |L ig/l and 5- 

15 mg/litre respectively in the CPC. Bacteria were added to the CPC as outlined for regular
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photolytic and photocatalytic tests. Separate samples were taken at regular intervals during 

experiments, for microbial and chemical analysis. Samples for arsenic and iron analysis were 

allowed to stand for at least 48 hours in the dark to enable any precipitate to settle out. The 

samples were then decanted and acidified with 1 % nitric acid and stored in a refrigerator for 

up to four weeks.

Arsenic Analysis

Arsenic analysis was carried out using a Varian Liberty AX Series II ICP-AES with 

hydride generation (Varian VGA). 10 ml o f sample/standard was pipetted to a 50 ml universal 

container and 12.5 ml o f hydrochloric acid was added. 0.5 ml o f 10.0% w/v potassium iodide 

was then added and allowed to stand for 1 hour to reduce all As to the As(III) state. This was 

then made up to 50 ml with distilled water. For the hydride generation, the acid used was 50% 

hydrochloric acid (diluted with distilled water in a 500 ml container). The reductant was made 

up o f 2.5 g o f sodium hydroxide dissolved in 500 ml distilled water and 3 g o f sodium 

borohydride was then dissolved in this solution. A certified reference standard solution 

(AccuTrace 1002 ^ig/ml) was supplied by Accustandard (Connecticut, USA). Calibration was 

carried out with a maximum percentage error o f 10%. Samples were also chosen at random 

and sent for analysis to a fully accredited laboratory by City Analysts Ltd., Dublin, as a quality 

control measure. The samples showed a maximum difference o f ±8.5% (average 6.4%) 

between these results and the ICP results obtained during this study. (O'Farrell, 2012)

Iron Analysis

Iron concentrations were also analysed using the ICP-AES. In the case o f iron, no hydride 

generation was required and so the liquid sample was acidified with 10% nitric acid and 

tested. Again, the analysis used a certified reference standard solution from Accustandard.
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3.3.3.6. Sampling

Samples were taken in duplicate from the bottom outlet pipe o f each reactor, with 1 ml o f 

the sample fluid pipetted into sterile sample bottles. Samples were stored at 4°C and bacterial 

concentration enumerated as outlined in Section 3.3.1 within 2 hours o f sampling.

3.3.4. Thermal Modelling

A simple thermal model was set up using Excel, looking at the overall energy balances o f 

the CPC and PTC. Data measured during experiments, including solar radiation levels, inlet 

and outlet temperatures, as well as flowrates, were used to calibrate the heat transfer model, 

which was then used to predict thermal gain in each system for a specified set o f operating 

conditions.

3.3.5. Data Analysis

Graphical data presented in this research is the average o f results obtained over three 

separate trials for each experimental configuration. Each data point on a graph represents an 

average sample taken at 0, 15, 30, 45, 60, 90, 120, 180, 240, 300 and 360 minutes. The 

average bacterial concentration in CFU/ml (or bacteriophage concentration in PFU/ml) and 

cumulative UV-A dose in kJ/litre was determined for samples taken at each specific time point 

over three trials. The standard error o f each data point was then calculated using the equation:

a
G ^  =  —j=  Equation 3-3

y in

where, is the standard error

n is the quantity o f numbers in the group (3 in this case) 

o  is the standard deviation

The standard deviation is given as:

1 1 1
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Equation 3-4

where, Xi = each individual number

= mean

3.3.6. GInaFiT Analysis

The inactivation curves for disinfection were analysed using specialised modelling software 

in order to find the model of best fit and to calculate the average kinetic value for disinfection. 

GInaFiT software is an inactivation model fitting tool developed by (Geeraerd et a i, 2005). 

The tool can test ten different types o f microbial survival models on experimental data, 

analysing the relationship between microbial decay and time or cumulative UV-A dose. The 

ten model types are: (i) classical log-linear curves, (ii) curves displaying a shoulder before a 

log-linear decline occurs, (iii) curves displaying a tail following a log-linear decline, (iv) 

curves displaying both shoulder and tailing behaviour, (v) concave curves, (vi) convex curves, 

(vii) convex/concave curves followed by tailing, (viii) biphasic inactivation kinetics, (ix) 

biphasic inactivation kinetics preceded by a shoulder, and (x) curves with a double 

concave/convex shape (Geeraerd et a i ,  2005). The tool also calculates the maximum decay 

constant or kinetic coefficient for disinfection, k (litre/kJ).
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Chapter 4 - Photolysis and Photocatalysis of Bacteria and Bacteriophages 

4.1. Introduction

As discussed in Chapter 2, the majority o f research to date has focused on the effects of 

batch solar disinfection systems on microorganisms, in particular SODIS which exposes water 

to 6 hours o f solar radiation in 2 litre PET bottles. The main disadvantage o f this, however, is 

the limited volumes which can be treated and the fact that it is up to each individual user to 

ensure the method is carried out correctly. This research looks at a continuous flow system, 

the advantages o f  which include the ability to treat larger volumes o f water in a centralised 

manner, which would then subsequently be stored and available for collection when required.

The key issue with the continuous system is to ensure that the minimum UV-A cumulative 

dose is received by the contaminated water before it leaves the reactor in order to guarantee 

complete disinfection o f all pathogenic microorganisms, as well as prevent any subsequent 

bacterial reactivation and repair. The phenomenon o f reactivation and repair post-irradiation 

can be a problem with photolytic treatment systems, even when the detection limit has been 

reached (Rincon and Pulgarin, 2004a), and is outlined fully in Section 2.7. Photocatalytic 

treatment using Ti0 2  has been shown to improve disinfection rates and significantly to prevent 

recovery o f bacteria, however (Rincon and Pulgarin, 2004b; Gelover et a i ,  2006). In addition, 

as outlined in Section 2.5.3.2, the way in which the UV-A dose is received is also important in 

terms o f inactivation kinetics and the recirculating nature o f the continuous flow system used 

in these trials is likely to give conservative kinetic data for a continuous once-through system 

due to the interrupted nature o f the dose (Rincon and Pulgarin, 2003; Ubomba-Jaswa et a i,  

2010 ).

Hence, the performance o f both photolytic and photocatalytic treatment processes using a 

range o f bacteria and bacteriophages is investigated in this chapter, in two recirculating 

continuous flow systems, both in terms o f achieving inactivation and preventing reactivation 

o f bacteria post-irradiation. Two reactor types were employed: the compound parabolic
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collector (CPC) and the parabolic trough collector (PTC), the design details of which are 

outlined in Section 3.2.3. Both reactors had the same overall illuminated area, which included 

the reflector area, but the CPC was fitted with ten glass tubes compared to five in the PTC. 

The PTC therefore had only half the illuminated absorber area of the CPC but the same overall 

illuminated collector area. In addition, the CPC recirculation volume was 40 litres, while the 

PTC recirculated 30 litres and so the PTC system had 10 litres less water to treat compared to 

the CPC, which influenced the overall cumulative UV-A dose values (kJ/litre) for this reactor.

As described in Section 3.3.3, experiments were carried out by recirculating a fixed volume 

of water continuously through the each reactor at a steady flow-rate and while these 

experiments were continuous-batch in nature, the overall aim of experiments was to produce 

inactivation kinetic data which could be applied to a once-through continuous flow system, 

such as described in Section 2.11.1. The particular design of a once-through system would be 

location specific, however, taking into account local environmental parameters such as water 

quality and solar radiation intensity, in addition to disinfection kinetic data.

4.2. Photolytic Treatment of Bacteria 

4.2.1. Introduction

In this study a test group of Gram-positive and Gram-negative bacteria, including 

Escherichia coli. Pseudomonas aeruginosa, Enterococcus faecalis. Bacillus megaterium. 

Bacillus subtilis, Klebsiella pneumoniae, Enterobacter aerogenes. Salmonella enteritidis, 

Serratia marcescens, and Staphylococcus aureus oxford, were photolytically treated in the 

CPC and PTC reactors. Their properties are listed in Table 3-1.

Previous studies have shown solar treatment of water to be effective against a wide range of 

bacteria, with E. coli generally used as an indicator organism since it was found to be more 

resistant than other organisms in a study carried out by Acra et al. (1990). The test group 

bacteria are associated with causing a range o f infections in humans including ear and eye 

infections from P. aeruginosa and gastroenteritis from S. enteriditis (Bundschuh and Hoinkis,
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2012). Some o f the bacteria in the test group have been widely studied in the area of UV and 

solar photolysis and photocatalysis such as E. coli and P. aeruginosa, while others such as B. 

megaterium have not been included in studies of this kind. Four Gram-positive and six Gram- 

negative bacteria were included in the test group, in order to assess any difference in 

sensitivity due to the morphological differences between these bacteria. Experiments were 

conducted outside in Dublin during the summers of 2012 and 2013.

4.2.2. Experimental Set-Up

The CPC and PTC reactors were set up outside as outlined in Section 3.3.3.2. Each 

microorganism was tested three times in distilled water in experiments lasting 6 hours, 

between 10 am and 4 pm. Samples were taken at regular intervals from the bottom outlet of 

each reactor and were plated as per the standard method outlined in Section 3.3.1 and bacterial 

concentration determined.

In order to assess reactivation and repair of bacteria following treatment, all experimental 

samples were placed in a dark incubator at 37°C for 24 and 48 hours and samples were re

plated after the 24 and 48-hour periods. The samples were then enumerated using the standard 

method and results were compared with the original samples taken on the day of the 

experiment.

E. coli was also tested in spring water in both reactors in order to assess any change in 

inactivation compared to distilled water.

The cumulative UV-A dose, Quv, and the inactivation constant, k, were calculated foi 

experiments using the following formulae:

N  = - N J  0-kQuv
* o (Equation 4-1)
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' '  (Equation 4-2)

where Quv.n, Quv,n-i is the cumulative irradiated UV energy received per litre o f  

sample at times n and n-1; At„ is the time interval between sampling times; UVG,n (W/m^) is 

the average incident radiation on the irradiated area; A the irradiated area; V t the total 

circulating volume; and k (litre/kJ) is the inactivation constant (Gill and McLoughlin, 2007; 

Gill and Price, 2010).

It should be noted that the temperature o f recirculating water was measured in both 

reactors for all photolytic and photocatalytic experiments but did not reach temperatures 

beyond which thermal effects would have influenced disinfection, i.e. beyond 45°C. In 

general water recirculated at temperatures between 20 and 35°C.

4.2.3. Results

The results obtained for photolysis o f all bacteria in the CPC and E. coli and P. aeruginosa 

in the PTC are presented here. Photolytic testing o f E. coli, P. aeruginosa, E. faecalis, B. 

megaterium, B. subtilis, K. pneumoniae, E. aerogenes, S. enteritidis, S. marcescens, and S. 

aureus was carried out in the summer o f 2012 on the CPC reactor only. Testing o f E. coli and 

P. aeruginosa was carried out in both reactors in the summer o f 2013. Results presented are 

an average o f all trials conducted and starting concentrations ranged from 10“* to 10  ̂CFU/ml. 

A minimum of three tests was performed on each type o f bacteria. Trials in the dark were 

carried out for E. coli and P. aeruginosa, which showed no significant reduction in bacterial 

numbers.

4.2.3.1. Photolytic Treatment of Bacteria in the CPC

Average results for the photolytic disinfection o f E. coli, P. aeruginosa, E. faecalis, B. 

megaterium, B. subtilis, K. pneumoniae, E. aerogenes, S. enteritidis, S. marcescens, and S.

QuV.n ~  QlUV,n-\
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aureus are shown in Figures 4-1 to 4-10. Vertical and horizontal errors bars show the 

standard error in bacterial concentration (log Nt) and cumulative UV-A dose at each sample 

point, corresponding to the average values at 0, 15, 30, 45, 60, 90, 120, 180, 240, 300 and 360 

minutes of experimental time. The calculation of standard errors is outlined in Section 3.3.5

Figure 4-1 shows the photolytic disinfection of E. coli (the average of 7 tests carried out in 

2012 and 2013). Full disinfection was achieved during one of the trials only and an average 

4.8-log reduction was reached during trials for an average total UV-A cumulative dose of 36.4 

kJ/litre. The graph shows an initial linear disinfection response with a high rate of disinfection 

followed by a tail period of slow inactivation, as has been reported by many other studies 

(Bemey et al., 2006a; Boyle et al., 2008; Hellweger et a l,  2009). P. aeruginosa showed 

significantly more resistance than E. coli and an average final log reduction of 1.9 for an 

average UV-A cumulative dose of 32.5 kJ/litre was observed, as shown in Figure 4-2. A 

slight recovery was seen after the initial disinfection period during all P. aeruginosa trials, 

which was similar to results observed with artificial UV photolysis (as discussed later in 

Chapter 6). It should be noted that P. aeruginosa also displayed very significant resistance to 

disinfection of the reactor between experimental runs, which was carried out using a sterilising 

fluid.

B. megaterium, shown in Figure 4-4, displayed rapid inactivation and reached the detection 

limit for all trials at an average cumulative UV-A dose of 18.95 kJ/litre, following 240 

minutes of exposure. Initial shoulder periods of slow disinfection were observed with S. 

entereditis, K. pneumonia, E. aerogenes and S. marcescens (Figures 4-5, 4-7, 4-8 and 4-10 

respectively), a phenomenon which has been reported in other studies (Wegelin et al., 1994; 

Dejung et al., 2007; Fisher et al., 2008). S. aureus showed rapid linear disinfection initially 

(Figure 4-9) but this tailed off quickly and the detection limit was not reached during trials. B. 

subtilis proved to be the most resistant to photolytic treatment, with only a 1.5-log reduction 

observed over 360 minutes, as shown in Figure 4-6. It should be noted that no evidence of 

spore formation was observed for B. subtilis trials.
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Figure 4-1 Photolytic disinfection of E. coli in the CPC.
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Figure 4-2 Photolytic disinfection of P. aeruginosa in the CPC.
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Figure 4-3 Photolytic disinfection of E.faecalis in the CPC.
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Figure 4-4 Photolytic disinfection of B. megaterium in the CPC.
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Figure 4-5 Photolytic disinfection of S. enteriditis in the CPC.
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Figure 4-6 Photolytic disinfection of B. subtilis in the CPC.
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Figure 4-7 Photolytic disinfection of K. pneumoniae in the CPC.

op

5 10 15 20
Cum ulative UV-A Dose (kJ/litre)

25 30

Figure 4-8 Photolytic disinfection of E. aerogenes in the CPC.
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Figure 4-9 Photolytic disinfection of S. aureus in the CPC.
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Figure 4-10 Photolytic disinfection of S. marcescens in the CPC.

For the majority of experiments the horizontal axis error was particularly large towards the 

end of the experimental time, showing the large differences experienced in UV-A levels (and
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therefore cumulative dose) over the course of the three experiments conducted, as a result of 

changeable weather conditions. In comparison, the horizontal standard errors for S. 

marcescens, shown in Figure 4-10, were very small, as UV-A levels were stable for these 

three experimental runs. Interestingly in most cases, a large difference in cumulative UV-A 

dose between trials during the latter phase of experiments did not tend to correlate with large 

discrepancies in final bacterial concentrations and the highest vertical errors in bacterial 

concentration tended to be during the transition between distinct phases of inactivation, when 

inactivation kinetics would have been undergoing significant change. The impact of UV-A 

intensity on inactivation is examined in Section 4.2.3.2 and average UV-A levels during 

photolytic trials are outlined in Appendix B.

Figures 4-11 and 4-12 compare the disinfection curves for all the tested bacteria (graphs 

have been separated to enable clearer reading). Figure 4-11 shows disinfection patterns for E. 

coli, S. enteritidis, K. pneumoniae, S. marcescens and B. megaterium. B. megaterium 

achieved the largest log reduction and the fastest disinfection rate and was the only bacteria to 

reach the detection limit in all trials. The other bacteria reached final log reductions between 

3.8 and 4.8 but did not reach the detection limit (apart from one trial of E. coli) and displayed 

similar disinfection curves. As mentioned previously, significant shoulder regions of slow 

initial inactivation were evident for S. enteritidis, K. pneumonia and S. marcescens. E. coli 

displayed a less pronounced shoulder region for the first 30 minutes o f disinfection on average 

but the inactivation rate quickly increased beyond this point.
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Figure 4-11 Comparison of E. coli, S. enteritidis, K. pneumoniae, S. marcescens and B. megaterium 

photolytic disinfection in the CPC.
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Figure 4-12 Comparison of P. aeruginosa, E. faecalis, B. subtilis, S. aureus oxford and E. aerogenes 

photolytic disinfection in the CPC.
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Figure 4-12 shows disinfection curves for P. aeruginosa, E. faecalis, B. suhtilis, S. aureus 

and E. aerogenes, which proved to be a more resistant group than the bacteria shown in Figure 

4-11. P. aeruginosa and E. faecalis achieved less than 2-log reduction during 360 minutes of 

exposure, while the other bacteria reached just over 3-log reduction. Some bacteria, including 

E. faecalis, S. aureus and P. aeruginosa showed a slight recovery following the initial fast 

phase o f disinfection during all trials. This recovery was then followed by further disinfection 

at a very slow rate. The “recovery” observed may in fact just have been a pause in 

disinfection, however, since these fluctuations could have been due to the standard errors 

observed in bacterial counts.

Inactivation kinetics and models of best fit were analysed using GlnaFiT software as 

described in Section 3.3.6. The average maximum inactivation coefficients for experiments, 

as well as the inactivation models which best fit the decay curves, are shown in Table 4-1 for 

all tested bacteria. Some bacteria showed classic log-linear reduction following Chick’s Law 

initially with subsequent tailing off of the inactivation rate (log-tail model), while others 

displayed initial shoulders of slow inactivation followed by a steep curve of log-linear 

disinfection and eventual tailing (shoulder-linear-tail model). The linear-tail curve for E. coli 

as applied by GlnaFiT is shown in Figure 4-13 (a) and the average maximum disinfection 

coefficient for the initial log-linear phase of inactivation was 0.85 litre/kJ. The linear-tail 

model applied by GlnaFiT had an value of 0.98, showing an excellent fit. The shoulder- 

linear-tail curve for S. marcescens as applied by GlnaFiT is shown in Figure 4-13 (b), with an 

R value of 0.95. GlnaFiT graphs for all other bacteria are included in Appendix A.
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Table 4-1 Average maximum disinfection coefficient, k„„„ and inactivation models of best fit for 

various bacteria, calculated using GInaFiT software.

Escherichia coii 0.85 Linear-Tail 0.98

Salmonella enteritidis 1.34 Shoulder-Linear-T ail 0.98

Klebsiella pneumoniae 1.14 Shoulder-Linear-T ail 0.99

Serratia marcescens 0.86 Shoulder-Linear-T ail 0.95

Bacillus megaterium 2.83 Linear-Tail 0.97

Pseudomonas aeruginosa 0.79 Linear-Tail 0.79

Enterococcus faecalis 0.73 Linear-T ail 0.89

Bacillus subtilis 0.35 Linear-Tail 0.95

Staphylococcus aureus oxford 4.13 Linear-Tail 0.93

Enterobacter aerogenes 0.84 Shoulder-Linear-T ail 0.99
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Figure 4-13 Photolytic disinfection in the CPC using GInaFiT: (a) E. coli, Linear-Tail model, (b) S. 

marcescens, Shoulder-Linear-Tail model.

Table 4-2 shows a summary of results for photolytic experiments in the CPC, comparing 

the cumulative UV-A dose and time needed to reach 1 to 4-Iog reductions, as well as the
•7

average UV-A level and percentage of time spent at levels over 25 W/m“. For a 3-log 

reduction the rate of inactivation in terms of cumulative dose, starting with the most efficient, 

was in the order B. megaterium > S. aureus > E. coli > S. entereditis > S. marcescens > K. 

pneumoniae >E. aerogenes > E.faecalis > P. aeruginosa > B. subtilis. In terms of time taken 

to reach a 3-log reduction, the rate of inactivation was similar to inactivation in terms of 

cumulative dose apart from S. marcescens which was faster than both E. coli and S. 

entereditis. S. marcescens also had the highest levels of UV-A for all experiments and so 

would have reached higher cumulative doses faster than other bacteria. E. coli required an 

average cumulative UV-A dose of 9.17 kJ/litre in order to reach a 3-log reduction and all 

bacteria required cumulative doses under 12 kJ/litre for the same level of inactivation, apart 

from E. aerogenes, E.faecalis, P. aeruginosa and B. subtilis.

127



Photolysis and Photocatalysis

Table 4-2 Photolytic experiments in the CPC: a comparison of cumulative UV-A dose and time 

required to reach 1 to 4-log reductions (note: values are approximate and interpolated from experimental 

data).

E. coli 2.894 4.525 9.168 28.684 48 81 114 206 31.3 57

S. enleritidis 4.558 6.250 9.624 30.012 68 93 137 353 24.3 48

K. pneumoniae 4.666 6.345 11.866 32.434 
(3.7 log)

68 92 154 360
(3.7 log)

25.7 45

S. marcescens 6.565 8.575 11.75 31.672 63 80 105 297 28.9 69

B. megaterium 0.590 1.272 2.270 4.356 9 19 35 59 21.3 30

P. aeruginosa 3.196 32.491 
(1.9 log)

n/a n/a 48 360
(1.9 log)

n/a n/a 25.7 42

E. faecalis 2.454 6.479 24.628 33.276 
(3.1 log)

55 108 279 360
(3.1 log)

26.1 50

B. subtilis 10.985 27.183 
(1.1 log)

n/a n/a 165 360
(1.1 log)

n/a n/a 21.9 35

S. aureus 0.585 1.169 6.014 34.411 
(3.2 log)

7 13 59 360
(3.2 log)

27.3 63

E. aerogenes 6.053 9.534 15.272 21.315 
(3.4 log)

87 153 244 360
(3.4 log)

17 17
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Dark Controls

Experimental runs were carried out in the CPC for both E. coli and P. aeruginosa in the 

dark in order to assess any decHne in bacterial numbers during recirculation. As shown in 

Figure 4-14, which compares dark run values to average photolysis results, a decline of less 

than 0.5-log was observed for both bacteria over a 300-minute period.
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Run
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Ave. Exp. 

Ave. ;
- 3.5

- 2.5

- 4.5

120 180 240  300 360

Sample Time (mins)Sam ple Time (mins)

(a) (b)

Figure 4-14 Dark run for (a) E. coli and (b) P. aeruginosa in the CPC compared to average photolysis 

experimental results.

Photolysis o f E. coli and P. aeruginosa Combined

Disinfection was also carried out with E.coli and P.aeruginosa together but problems were 

encountered when reading the plated samples. It appeared that the combination of bacteria 

behaved differently to bacteria treated separately, surprisingly showing a sharper disinfection 

curve, as shown in Figure 4-15. It is likely that the combined bacteria did not behave in the 

same manner as a single bacteria type on the agar plates and growth on the plates may have 

been inhibited. In addition it was difficult to distinguish between the different colony types 

when enumerating. In hindsight, selective media should have been employed in order to 

enumerate the different species effectively.

129



Photolysis and Photocatalysis

Average UV-A intensity levels for the combined E. coli and P. aeruginosa disinfection

were high, with 70% of UV-A levels recorded over 30 W/m^. This compares to 42% of UV-
2 2 A levels for E. coli disinfection over 30 W/m and 37% over 30 W/m for P. aeruginosa

disinfection (see Appendix B). These higher levels of UV-A and higher overall cumulative

UV-A dose may have contributed to the faster disinfection rate observed. (See Section 4.2.3.2

for an examination of UV-A intensity.)
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Figure 4-15 E. coli and P. aeruginosa combined photolytic disinfection compared to E. coli and P. 

aeruginosa separate photolytic treatment in the CPC.

Spring Water Photolysis

Photolytic disinfection of E. coli was carried out in spring water from a limestone bedrock 

source and compared to trials carried out in sterile distilled water. Spring water properties are 

shown in Table 3-8.

Figure 4-16 shows the average disinfection curve for E. coli in spring water compared to 

that for distilled water and little difference is apparent apart from a small shoulder area for the 

spring water curve. An examination of UV-A levels, however, shows that UV-A intensities 

were lower for the spring water disinfection trials when compared to those for distilled water
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2
trials. 65% of experimental exposure time was at UV-A intensities below 25 W/m compared 

to 43% for the distilled water experiments. Large vertical error bars towards the end of the 

curve show that inactivation was less efficient during trials with lower UV-A levels and lower 

cumulative UV-A dose. Figure 4-17 show the dark run for E. coli in spring water with no 

significant decline in bacterial numbers observed.
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Figure 4-16 E. coli photolytic disinfection in spring water compared to distilled water in the CPC.

- 0.5

D ark  R un

Exp. A ve.

- 3.5

•4.5

0  30  60  90  120  150  180  210  240  270  300  330  360

Sam ple Time (mins)

Figure 4-17 E. coli dark run in spring water compared to average spring water photolysis results in the 

CPC.
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Table 4-3 shows a comparison of inactivation of E. coli in spring water and distilled water, 

outlining the cumulative UV-A dose and time needed to reach 1 to 4-log reductions, as well as
'y

the average UV-A level and percentage of time spent at levels over 25 W/m . It can be seen 

that a similar average cumulative UV-A dose was required to reach a 3-log reduction in both 

cases, with 9.168 kJ/litre required in distilled water and 9.607 kJ/litre required in spring water. 

In terms o f time, the spring water trial took longer to reach a 3-log reduction with 162 minutes 

required compared to just 114 minutes in distilled water. However, UV-A levels were 

significantly lower during spring water trials with an average of 22.7 W/m^ of UV-A 

compared to an average of 31.3 W/m during photolytic trials in distilled water.

Table 4-3 A comparison of cumulative UV-A dose and time required to reach 1 to 4-log reductions of E. 

coli in distilled water and spring water in the CPC (note: values approximate and interpolated from 

experimental data).

E. coli in

distilled

water

2.894 4.525 9.168 28.684 48 81 114 206 31.3 57

E. coli in

spring

water

4.939 7.069 9.607 21.416 92 116 162 279 22.7 35

132



Photolysis and Photocatalysis

4.2.3.I. Impact of UV-A Intensity on Photolytic Treatment

UV-A levels differed significantly between photolytic trials, as was evident from the large 

horizontal standard errors bars on average inactivation curves shown in Figures 4-1 to 4-10. 

For SODIS treatment, it is generally acknowledged that a minimum threshold of 500 W/m is 

required for 5 hours (Bundschuh and Hoinkis, 2012). From measurements taken of global 

radiation and UV-A intensity during trials, this is equivalent to a minimum UV-A level of 

approximately 25 W/m^ for disinfection in this context. Average UV-A levels for B. subtilis, 

B. megaterium, S. entereditis and E. aerogenes experiments were below 25 W/m , which may 

have impacted inactivation. However, B. megaterium was the only bacteria to reach the 

detection limit and had the highest inactivation rate, despite low UV-A intensities during 

trials. In order to investigate the relationship between UV-A intensity and the disinfection 

kinetic, the inactivation curves and UV-A intensity levels for separate trials with slow and fast 

disinfection, will now be examined for E. coli and S. entereditis.

E. coli

Figures 4-18 and 4-19 compare disinfection curves for E. coli during two trials with 

differing UV-A levels. Only a slight difference in inactivation was observed when log 

reduction was expressed in terms of cumulative UV-A dose (Figure 4-18) but much slower 

inactivation was observed for the low UV-A intensity day when inactivation was expressed in 

terms of time (Figure 4-19). Approximately 80% of overall exposure time was spent at levels 

over 30 W/m^ on the fast inactivation day, compared to the slow inactivation day which had 

no recorded UV-A levels over 25 W/m^.

Figure 4-20 shows GInaFiT decay curves applied for both days, with a linear-tail model 

fitting the fast inactivation day but a shoulder-linear-tail model applying to the slower 

inactivation curve. Interestingly the maximum disinfection coefficient was lower on the 

11/07/13 at 1.39 litre/kJ compared to 1.84 litre/kJ on 12/06/12 but the inactivation curves 

showed a longer period of fast inactivation on the 11/07/13 compared to the 12/06/13. In
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addition, the period o f  fast inactivation on 11/07/13 occurred near the beginning o f  the 

experiment, which can be important for efficient disinfection as bacteria may develop 

resistance to solar treatment if  low doses o f UV-A are received at the initial stages o f  

treatment.
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Figure 4-18 Photolytic disinfection trials of E. coli in the CPC expressed in terms of cumulative UV-A 

dose: fast inactivation on 11/07/2013 and slow inactivation on 12/06/12.
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Figure 4-19 Photolytic disinfection trials of E. coli in the CPC expressed in terms of time: fast 

inactivation on 11/07/2013 and slow inactivation on 12/06/12.
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Figure 4-20 GInaFiT models for (a) fast inactivation on 11/07/2013 (Linear-Tail) and (b) slow  

inactivation on 12/06/12 (Shoulder-Linear-Tail).

Figures 4-21 to 4-24 show the frequency of occurrence of various bands of UV-A intensity, 

the cumulative frequency of UV-A intensity, as well as the time profile of UV-A intensity 

levels during the initial and final disinfection periods. The graphs show clearly the large 

differences in intensity levels between both days, as well as fluctuations in intensities within 

the experimental periods. It can be seen that during the initial inactivation periods, the 

majority of time was spent at UV-A levels under 15 w W  on 12/06/12 with a brief period 

spent just over 20 W/m^. In contrast, the fast inactivation kinetics on 11/07/13 corresponded 

to UV-A levels between 25 and 35 W/m^. For the second phase of fast inactivation on 

12/06/12, UV-A levels remained consistently low under 20 W/m^, with some brief spells just 

over 20 W/m^ at 110 and 160 minutes, which may have influenced disinfection. This would 

suggest that rapid disinfection was possible at intensity levels under 25 W/m^ (and possibly 

under 20 W/m ) once a threshold cumulative dose had been reached. In contrast, inactivation 

proceeded slowly during the second disinfection phase on 11/07/13, despite consistently high
‘y

UV-A levels over 35 W/m . This is in agreement with Dejung et al. (2007), who observed 

that once a minimum threshold of UV-A had been reached during solar disinfection, higher 

UV-A intensities beyond this point did not significantly promote disinfection compared to 

lower levels.
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Figure 4-21 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile of UV-A intensity for E. colt photolytic disinfection in CPC, 12/06/12, during initial slow 
disinfection phase of 120 minutes.
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Figure 4-22 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile of UV-A intensity for E.coli photolytic disinfection in CPC, 11/07/13, for initial fast disinfection 
phase of 90 minutes.
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Figure 4-23 (a) Frequency of occurrence; (b) cum ulative frequency; (c) tim e profile of UV-A intensity for E.coli photolytic disinfection in C PC, 12/06/12, du ring  final fast disinfection 
phase of 180 minutes.
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Figure 4-24 (a) Frequency of occurrence; (b) cum ulative frequency; (c) tim e profile of UV-A intensity for E.coli photolytic disinfection in C PC, 11/07/13, for final slow disinfection 
phase of 260 minutes.
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S. entereditis

Figures 4-25 and 4-26 show the inactivation curves for S. entereditis, with fast inactivation 

observed on 26/07/13 and slow inactivation observed on 31/07/12. Note that a shoulder 

region was evident for both trials but lasted 60 minutes on 26/07/12, compared to 120 minutes 

on 31/07/12. The maximum disinfection coefficients were 2.1 litre/kJ on 26/07/12 compared 

to 0.77 litre/kJ on 31/07/12. GInaFiT models are shown in Figure 4-27, with the shoulder- 

linear-tail model fitting the high UV-A level day and shoulder-linear curve fitting the low UV- 

A day.
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Figure 4-25 Pliotolytic disinfection of S. entereditis in the CPC expressed in terms of cumulative UV-A 

dose: fast inactivation on 26/07/2012 and slow inactivation on 31/07/12.
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Figure 4-26 Photolytic disinfection of S. enlereditis in the CPC expressed in terms of time: fast 

inactivation on 26/07/2012 and slow inactivation on 31/07/12.
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Figure 4-27 GInaFiT models for (a) fast inactivation on 26/07/2012 (Shoulder-Linear-Tail) and (b) slow 

inactivation on 31/07/12 (Shoulder-Linear).

139



Photolysis and Photocatalysis

The UV-A levels for each distinct inactivation phase, shown in Figures 4-28 to 4-31, reveal 

very low levels below 15 W/m^ for the slow inactivation period of 120 minutes on 31/07/12, 

compared to values between 20 and 30 W/m for the slow inactivation period of 60 minutes on 

26/07/12. These shoulder periods suggest that for some bacteria, a minimum threshold dose 

must be achieved before faster inactivation can proceed, despite high UV-A levels, which has 

been reported by other authors (Bemey et a l, 2006b; Mendez-Hermida et al., 2007). UV-A 

levels remained low for the second phase of fast inactivation on 31/07/12 beyond 120 minutes, 

apart from 20 minutes between 20 and 25 W/m^ at the 170-minutes point. This again suggests 

that fast inactivation was able to proceed at low UV-A intensities, although the brief period at 

intensities just over 20 W/m^ may have facilitated this, as was also suggested for E. coli in 

activation. Fast inactivation during the second phase on 26/07/12 proceeded at UV-A levels 

over 25 W/m for the most part. It should be noted that the maximum disinfection coefficient 

was much higher on 26/07/13 at 2.1 litre/kJ, compared to 0.77 litre/kJ on 31/07/12. This again 

suggests that UV-A levels over 25 W/m^ facilitate higher inactivation rates than levels below 

this threshold.
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Figure 4-28 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile of UV-A intensity for S. entereditis photolytic disinfection in CPC, 26/06/12, for initial slow 
disinfection phase of 60 minutes.
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Figure 4-29 (a) Frequency of occurrence; (b) cumulative frequency; (c) time proflle of UV-A intensity for S. entereditis photolytic disinfection in CPC, 31 July 2012, for initial slow 
disinfection phase of 120 minutes.
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Figure 4-30 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile of UV-A intensity for S. entereditis photolytic disinfection in CPC, 26 July 2012, for second 
disinfection phase of 300 minutes.
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Figure 4-31 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile of UV-A intensity for S. entereditis photolytic disinfection in CPC, 31 July 2012, for final faster 

disinfection phase of 240 minutes.
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4.2.3.3. Photolytic Treatment of Bacteria in the PTC

E. coli and P. aeruginosa were also photolytically treated in the PTC. Figure 4-32 shows 

the E. coli inactivation curve with an initial shoulder area followed by a fast disinfection rate, 

which then tapered off into a more gradual decline. An average final log reduction of 4.5 was 

achieved in the PTC for an average total UV-A dose of 52.75 kJ/litre. The average maximum 

disinfection coefficient was 0.47 litre/kJ, shown in Figure 4-33, which was lower than that 

observed in the CPC which had an average maximum value of 0.85 litre/kJ. The detection 

limit was not reached during trials. UV-A conditions for the PTC E. coli experiments were 

mixed, with 52% of UV-A levels over 30 W/m , which was similar to levels for the CPC E. 

coli experiments. (See Appendix B for average UV-A details.)
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Figure 4-32 E. coli photolytic disinfection in the PTC.
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Figure 4-33 E. colt photolytic disinfection in the PTC using GInaFiT, Shoulder-Linear-Tail model.

P. aeruginosa did not display the same shoulder region as E. coli and as shown in Figure 

4-34, an average 2.7-log reduction was achieved for an average cumulative UV-A dose of 

15.13 kJ/litre. The average maximum disinfection kinetic was 0.97 litre/kJ, as shown in 

Figure 4-35, which was higher than the CPC value of 0.79 litre/kJ. The disinfection rate 

tapered suddenly, however, in the tail region and the detection limit was not reached during 

trials. Very high levels of UV-A were experienced during the P. aeruginosa experiments in 

the PTC and 65% of exposure time was spent at levels over 40 W/m compared to 18% of 

exposure time at levels over 40 W/m^ during CPC trials. This could have contributed to the 

higher inactivation rate in the PTC compared to the CPC.
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Figure 4-34 P. aeruginosa photolytic disinfection in the PTC.
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Figure 4-35 P. aeruginosa photolytic disinfection in the PTC using GlnaFiT, Linear-Tail model.

The PTC photolytic trials combining E. coli and P. aeruginosa showed similar issues to 

those observed previously with the trials in the CPC, including difficulty in distinguishing 

colonies when counting. Figure 4-36 shows the disinfection of E. coli and P. aeruginosa 

together in the PTC compared to separate disinfection of each. An initial shoulder region was
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observed in the PTC, similar to the separate trials, followed by a sharp reduction in bacterial 

count which tapered off into a more gradual decline. The combined PTC experiments were 

carried out in parallel with the combined CPC experiments and high UV-A intensities were 

experienced (see Appendix B). These high UV-A levels resulted in faster disinfection rates in 

the CPC but PTC inactivation was slower than that observed for the separate experiments, 

despite lower average UV-A levels during these trials.
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Figure 4-36 E. coli and P. aeruginosa combined photolytic disinfection in the PTC compared to E. coli 

and P. aeruginosa separate treatment.

E. coli was also tested with spring water in the PTC (Figure 4-37) and disinfection rates 

were lower than those observed for distilled water trials, with a longer initial lag period due to 

lower UV-A levels during trials. The low UV-A levels appeared to affect photolysis of E. coli 

in spring water more significantly in the PTC compared to the CPC, which showed very 

similar values to those observed during photolytic treatment of E. coli in distilled water. This 

would have been due the CPC’s ability to utilise diffuse radiation effectively, unlike the PTC 

which required direct solar radiation to operate efficiently.
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Figure 4-37 Comparison of E. coli photolytic disinfection using spring water and distilled water in the 

PTC.

It should be noted that the pronounced shoulder region observed in most PTC inactivation 

curves was a feature throughout experiments carried out in the PTC during this research and 

can be explained by the non-tracking nature o f the parabolic reflector. In effect, the PTC only 

functioned effectively when the sun was facing the reactor, since it could only utilise direct 

solar radiation, unlike the CPC which was capable o f utilising both direct and diffuse 

radiation. This explains the sharp increase in reaction rates in the PTC at midday after an 

initial shoulder region o f little disinfection during the morning period. The shoulder region 

was also more pronounced during trials with overcast conditions, when diffuse radiation levels 

would have been very high. More detailed information on PTC design issues is given in 

Section 3.2.3.2. In addition, the recirculating volume o f the PTC was 30 litres, as opposed to 

40 litres in the CPC, which also contributed somewhat to the lower disinfection kinetic values, 

in that the cumulative UV-A dose required per litre was higher for the PTC reactor. Finally, 

the PTC was operating with only 5 transparent tubes compared to 10 in the CPC and a
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comparison of both reactors using this illuminated absorber area as opposed to the overall 

illuminated collector area is considered in Section 4.2.3.4.

Table 4-4 shows a summary of results for photolytic experiments in the PTC, comparing 

the cumulative UV-A dose and time needed to reach 1 to 4-log reductions, as well as the 

average UV-A level and percentage of time spent at levels over 25 W/m^. The E. coli 

experiments in distilled water showed the fastest inactivation rate, followed by the spring 

water trial and the slowest inactivation was observed with P. aeruginosa. The average UV-A 

intensity was highest for the P. aeruginosa experiments at 42.1 W/m , while average levels 

were 31.1 W/m^ for distilled water photolytic disinfection of E. coli and just 22.7 W/m^ for 

spring water photolysis.

Table 4-4 Photolytic experiments in the PTC: a comparison of cumulative UV-A dose and time 

required to reach 1 to 4-log reductions (note: values interpolated from experimental data).

E. coli 6.754 14.844 18.865 28.628 84 139 165 226 31.3 65

P. aeruginosa 2.276 5,091 54.53 n/a 22 46 360 n/a 42.1 100

(2.9 log) (2.9 log)

E. coli in 16.219 20.811 30.831 47.707 194 223 297 360 22.7 35

spring water (3.3 log) (3.3 log)

148



Photolysis and Photocatalysis

4.2.3A CPC vs. PTC

As mentioned previously, while the CPC and PTC reactors both had the same overall 

illuminated area including the reflector areas, the CPC was operating with 10 glass tubes while 

the PTC was operating with only five. Thus the illuminated area in terms o f exposed piping 

was considerably less in the PTC. In order to assess the performance o f the CPC and PTC in 

terms o f exposed piping, the cumulative UV-A dose was calculated using the absorber (tube) 

illuminated area rather than the total illuminated collector area including reflectors. It should 

be noted, however, that the recirculating volume o f the CPC was 40 litres compared to 30 

litres in the CPC, which would also have affected the cumulative dose value.

The average inactivation curves obtained when using the new illuminated area followed 

similar patterns in both reactors, as shown in Figure 4-38, with a similar average cumulative 

dose required to achieve a 3-log reduction in each. However, for a 4-log reduction the PTC 

was more efficient than the CPC. When the reactors are compared in terms o f time, however, 

as shown in Figure 4-39, it can be seen that inactivation was much slower in the PTC initially 

but after 180 minutes the disinfection rates were very similar for both reactors.

Table 4-5 compares disinfection in both reactors in terms o f cumulative dose and time 

taken to reach 1 to 4-log reductions. It is significant that the PTC compares favourably to the 

CPC up to a 3-log removal and is more efficient that the CPC for a 4-log reduction, when the 

cumulative dose is calculated in terms o f exposed absorber area. Furthermore it is 

encouraging that initial time lags in the PTC are not as significant beyond a 4-log reduction, 

which suggests that if  the PTC is used during its prime inactivation period around the midday 

period, results in terms o f  time would be even more efficient when compared to CPC 

inactivation.
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Figure 4-38 Comparison of E. coli photolytic disinfection in the CPC and PTC, when cumulative dose 

is calculated using absorber illuminated area rather than total illuminated collector area including 

reflectors.
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Figure 4-39 Comparison of E. coli photolytic disinfection in the CPC and PTC in terms of experimental 

time.
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Table 4-5 Comparison of CPC and PTC when cumulative dose is calculated using illuminated absorber 

area rather than total illuminated collector area including reflectors.

CPC 3.354 5.920 9.291 19.248 47 78 114 209 31.3 66

PTC 3.169 6.956 8.853 13.434 83 139 165 226 31.3 66

4.2.3.S. Cumulative Dose Corrected for the Proportion of Total Volume 

Illuminated

The formula for calculating the cumulative UV-A dose is averaged for the total 

recirculating volume of the system, as shown in Equation 4-2, but only a proportion o f this 

volume is illuminated at any particular time. In the case o f the CPC, 57% o f the total volume 

was illuminated while only 38% o f the total volume recirculating through the PTC was 

illuminated at any particular time. The remainder o f  the recirculating volume was in the dark 

in the reservoir and pumping systems. While this calculation should result in a very 

conservative estimate o f the UV-A dose required, it is worthwhile to compare this to a 

calculation corrected for the proportion o f the total volume which is actually illuminated 

during experiments. This cumulative UV-A dose estimate would assume no inactivation 

during the dark periods, which almost certainly would not be the case, but it does provide an 

interesting comparison to the conservative total volume calculation. Figures 4-40 and 4-41 

show the corrected curves, which account for the proportion o f the total volume which was 

exposed to UV-A at any time in both the CPC and PTC. The correction is most pronounced in
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the PTC due to the significantly lower illuminated volume passing through five transparent 

tubes compared to ten tubes in the CPC.
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Figure 4-40 Comparison of E. co li photolytic disinfection in the CPC when cumulative dose is 

calculated according to total recirculating volume and corrected for the proportion of illuminated volume.
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Figure 4-41 Comparison of E. co li photolytic disinfection in the PTC when cumulative dose is 

calculated according to total recirculating volume and corrected for the proportion of illuminated volume.
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Table 4-6 compares the cumulative UV-A doses required to reach 1 to 4-log reductions 

with the total volume calculation compared to the corrected calculation for illuminated 

volume, showing a significant reduction in the estimated UV-A dose required to achieve log 

reductions when the illuminated volume is taken into account. For a 3-log reduction the CPC 

required cumulative dose reduces from 9.505 to 4.579 kJ/litre, while the PTC required dose 

reduces from 18.865 to 7.839 kJ/litre.

Table 4-6 Comparison of cumulative UV-A dose required to reach 1 to 4-log reduction during E. coli 

photolytic disinfection in the CPC and PTC when cumulative dose is calculated according to total 

recirculating volume and corrected for illuminated volume.

CPC Total V 3.422 6.045 9.505 19.761 31.3 66

CPC Illum inated V 1.470 2.658 4.579 10.951 31.3 66

PTC Total V 6.754 14.844 18.865 28.628 31.3 66

PTC Illum inated V 2.807 6.168 7.839 11.895 31.3 66
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4.2.3.6. Reactivation and Repair of Bacteria Treated in the CPC

The treated bacteria showed varying degrees of reactivation after 24 hours and 48 hours of 

incubation in the dark at 37°C. The average values for E. coli and P. aeruginosa reactivation, 

outlined in Figure 4-42, showed both reaching average levels of around 3x10^ CFU/ml in the 

samples taken at 360 minutes, following 48 hours incubation. E. coli showed slower 

reactivation, however, and 24-hour concentrations were significantly lower than levels 

observed after 48 hours of incubation, while P. aeruginosa showed faster reactivation with 

similar 24-hour and 48-hour concentrations. Starting bacteria concentrations were 

approximately 1x10^ CFU/ml for E. coli and 1 x 10"̂  for P. aeruginosa at the beginning of 

photolytic experiments, which demonstrates a total recovery in bacteria numbers for P. 

aeruginosa and a 3-log recovery for E. coli.

Figure 4-43 shows average reactivation levels for the combined disinfection of E. coli and 

P. aeruginosa, with similar recovery for 360-minute samples after 48 hours incubation to 

those for the separate disinfection of E. coli and P. aeruginosa.

The large vertical error bars demonstrate significant fluctuations in reactivation levels, 

which were also observed for other bacteria. In addition, colonies of both E. coli and P. 

aeruginosa were much smaller than the original bacterial colonies before treatment, indicating 

significant stress as a result of photolytic treatment. This was a feature of all trials and is 

discussed further in Section 4.2.4. It should be noted, that due to the small size of colonies, it 

was impossible to distinguish between E. coli and P. aeruginosa colonies for the combined 

trial. As noted previously, the use selective media would have been more appropriate in order 

to distinguish between colonies.
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Figure 4-42 Average reactivation of (a) E. coli and (b) P. aeruginosa following photolysis in the CPC.
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Figure 4-43 Average reactivation of E. coli and P. aeruginosa combined following photolysis in the 

CPC.
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Average recovery of S. enteriditis and E. aerogenes is shown in Figure 4-44. S. enteriditis 

reached an average concentration of 2 x 10  ̂CFU/ml after 24 hours and a fiarther log recovery 

was observed after 48 hours for the 360-minute sample, representing a 1.5-log recovery 

overall. E. aerogenes samples taken after 360 minutes of photolytic treatment reached an 

average 2 x 10  ̂ CFU/ml after 24 hours but declined to 2 x lO"* CFU/ml after 48 hours, which 

represented a recovery of less than 1-log from original sample levels.
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Figure 4-44 Average reactivation of (a) S. enteriditis and (b) E. aerogenes following photolysis in the 

CPC.

Figure 4-45 shows average reactivation of K. pneumoniae and S. auereus. All K. 

pneumonia samples recovered to levels over 1.5 x 10“̂ CFU/ml after 24 hours but these 

declined to approximately 100 CFU/ml after 48 hour incubation in the dark (which was similar 

to E. aerogenes), showing that recovered bacteria were perhaps not as viable as the original 

healthy bacteria. This level was less than the original sample concentration, so an overall 

decline rather than recovery was observed. S. auereus reached average concentrations over 1 

X 10"* CFU/ml after 48 hours for all samples up to 360 minutes, representing an average 1-log 

recovery from the original sample concentration after 360 minutes of treatment. Average
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reactivation of S. marcescens is outlined in Figure 4-46 and the 360-minute sample reached 

lev els o f around 1 x 10'' CFU/ml after 24 hours and 48 hours of incubation, representing a 2.5- 

log recovery in bacteria numbers.

9.00E+04 9.00E+04

8.00E+04

7.00E404 - 7.00E+04

6.00E+04 - 6.00E+04 ■ Ohr
■ Ohr 5.00E+04

■ 24hr■ 24hr 4.00E+044.00E+04 -
■ 48hr 3.00E+043.00E+04 - ■ 48hr

2.00E+042.00E+04

0.00E+<»

S am ple T im e (m ins)Sam ple Time (mins)

(a) (b)

Figure 4-45 Average reactivation of (a) K. pneumoniae and (b) S. auereus following photolysis in the 

CPC.
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Figure 4-46 Average reactivation of S. marcescens following photolysis in the CPC.
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Figure 4-47 shows 24-hour reactivation for E. faeca lis  and B. subtilis (note: it was not 

possible to carry out 48-hour plating for these trials due to timing o f  experiments). E. faeca lis  

showed recovery to about 5x10'* CFU/ml after 24 hours for all samples between 120 and 360 

minutes. Starting concentrations for E. faeca lis  photolytic experiments were approximately 1 

X 10  ̂ CFU/ml but only a 3-log reduction was achieved after 360 minutes o f  photolytic 

treatment. Therefore a 1 -log recovery o f  bacteria was observed following incubation. B. 

subtilis remained at levels similar to the original samples prior to incubation at about 1 x 1 0 ^  

CFU/ml. Photolytic treatment o f  B. subtilis only achieved a 1.5-log reduction in bacteria 

count.
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Figure 4-47 Average reactivation of (a) E.faecalis and (b) B. subtilis following photolysis in the CPC.

B. megaterium  did not show any 24-hour or 48-hour recovery o f  bacteria. Starting 

concentrations o f  B. megaterium  for photolytic experiments were around 1 x 1 0 ^  CFU/ml and 

the detection limit was reached after 240 minutes exposure. B. megaterium  was the only 

bacteria to reach the detection limit during all trials and so it is significant that this was also 

the only bacteria to exhibit no recovery during trials. One trial o f  E. coli also reached the
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detection limit during exposure but a 5-log recovery o f  bacteria numbers was observed in the 

360-minute sample after 48 hours o f incubation.

Figure 4-48 shows recovery o f E. coli following photolytic treatment in spring water and 

distilled water. Reactivation levels in spring water were found to be significantly suppressed 

when compared to distilled water recovery levels. Average 24-hour and 48-hour 

concentrations were approximately 2 x 1 0 ^  CFU/ml for 360 minute samples in spring water 

compared to over 2 x 10  ̂ CFU/ml for distilled water reactivation. This represents a 1-log 

recovery in bacteria levels in spring water compared to a 3-log recovery in distilled water.
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Figure 4-48 Average reactivation of E. coli following photolysis in (a) spring water and (b) distilled 

water in the CPC.

4.1 3 .1. Reactivation and Repair of Bacteria Treated in the PTC

Photolytic treatment o f  E. coli and P. aeruginosa in the PTC did not reveal any significant 

change in recovery patterns o f bacteria post-irradiation compared to treatment in the CPC.
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Figure 4-49 shows reactivation levels for separate treatment of each. E. coli concentrations 

reached over 4 x 1 0 “* CFU/ml for the 360-minute sample following 48 hours of incubation, 

while P. aeruginosa reached over 5 x 1 0 ^  CFU/ml. This represented a 2.5-log recovery in 

bacteria levels in the case of E. coli and a 4-log recovery in levels for P. aeruginosa. Figure 

4-50 (a) shows reactivation for combined treatment of these bacteria in the PTC with results 

again very similar to those observed for CPC treatment. The 360-minute samples reached 

over 3 X 10  ̂ CFU/ml following 48 hours of incubation, which was equivalent to a 4-log 

increase on the levels of the original 360 minute sample immediately following treatment.

Figure 4-50 (b) shows reactivation of E. coli following treatment in spring water in the 

PTC, which was higher than that observed in the CPC. However, original disinfection levels 

were lower with PTC treatment and so in terms of log recovery reactivation in spring water 

was similarly low for each reactor. 360-minute sample bacteria levels in the PTC increased 

from 4.9 X 10  ̂CFU/ml to 1.3 x 10“* CFU/ml, which was a 0.4-log recovery.
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Figure 4-49 Average reactivation of (a) E. coli and (b) P. aeruginosa following photolysis in the PTC.

160



Photolysis and Photocatalysis

3.00Et06

2.50E+06

2.00Et06

§  1.50E+06

l.OOE+06

5.00E+05

O.OOEtOO

I Ohr 

I 24hr 

I 48hr

111
60 120 180 240 300 360

Sample Time (minsi

l.OOE+05 

9.C0E+04 

8.C0E+O4 

7.00E+04 

=1 6.00E+04 

g  5.00E+04 

5  4.00E-K)4 

3.00E+04 

2.00E■̂ 04 

l.OOE+04 

O.OOEtOO

■ Ohr

■ 24hr

■ 48hr

.i.]
60 120 180 240 300 360

Sam ple Time (mins)

(a) (b)

Figure 4-50 Average reactivation of (a) E. coli and P. aeruginosa combined following photolysis in the 

PTC and (b) E. coli following photolysis in spring water in the PTC.

4.2.4. Discussion of Results 

Bacteria Test Group

The findings of the photolytic tests placed the bacteria in the following inactivation order in 

terms of cumulative dose for a 3-log reduction, starting with B. megaterium with the fastest 

inactivation: B. megaterium > S. aureus > E. coli > S. entereditis > S. marcescens > K. 

pneumoniae > E. aerogenes > E. faecalis > P. aeruginosa > B. subtilis. This order of 

resistance is in line with the observations of Hassen et al. (2000), who studied UV treatment of 

P. aeruginosa (two different strains), E. coli, B. subtilis, S. marcescens, and E. faecalis. The 

inactivation followed Chick’s Law and the most resistant bacteria were found to be B. subtilis 

and P. aeruginosa (both strains), followed by E. faecalis, S. marcescens and E. coli. In 

contrast, however, Robertson et al. (2005) looked at the photolytic and photocatalytic 

treatment of E. coli, S. enteritidis and P. aeruginosa, using Ti02 and UV-A light and observed 

that P. aeruginosa showed the highest rate of inactivation of all three bacteria during UV-A
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treatment alone but photocatalysis resulted in slower disinfection in the case of P. aeruginosa. 

Fernandez and Pizarro (1999) also found that UV-A exposure caused cell death in P. 

aeruginosa at doses at which E. coli cell viability was not affected, while Acra et al. (1990) 

found that E. coli strains were more resistant to solar photolysis than P. aeruginosa, S. flexneri 

and S. typhi. These observations are contrary to the findings of this study, which found P. 

aeruginosa to be more resistant than all bacteria in the test group except B. subtilis.

Gram-Positive v Gram- Negative Inactivation

In terms of a Gram-positive and Gram-negative distinction, no clear pattern emerged from 

experiments with the inactivation order as follows: Gram-positive > Gram-positive > Gram- 

negative > Gram-negative > Gram-negative > Gram-negative > Gram-negative > Gram- 

positive > Gram-negative > Gram-positive. Photolytic mechanisms of disinfection are 

covered in Section 2.5.1 and involve DNA absorbance of UV-A, as well as cell attack by 

reactive species such as super oxides and hydroxyl radicals. The presence of a thicker cell 

wall in Gram-positive bacteria might therefore be expected to result in greater resistance to 

solar disinfection among these bacteria, as the high content of peptidoglycan, teichoic acids, 

polysaccharides, and peptidoglycolipids, in Gram-positive cell wall could act as a protective 

coating. Photocatalytic studies conducted by Gomes et al. (2009) agree with this theory and 

inactivation o f Gram-positive E. faecalis was found to be slower than Gram-negative E. coli. 

Pal et al. (2007) also observed that Gram-negative bacteria responded better to photocatalytic 

inactivation than Gram-positive. Contrary to this, however, Rincon and Pulgarin (2003) found 

that at 45°C, Gram-positive bacteria were photocatalytically-inactivated more quickly than 

Gram-negative bacteria. While these are photocatalytic examples, and the mechanisms of 

photocatalytic disinfection differ somewhat to those of photolytic treatment, the attack of the 

cell wall is an important aspect of photocatalytic treatment and in this respect, the absence of 

any definite pattern relating to Gram-positive and Gram-negative bacteria in response to this 

treatment is significant for photolysis also.
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In terms of inactivation response curves, all of the bacteria which displayed an initial 

shoulder region of resistance to photolytic inactivation were Gram-negative, including S. 

marcescens, E. aerogenes, K. pneumonia and S. entereditis. However, the other Gram- 

negative bacteria in the test group, E. coli and P. aeruginosa, did not show significant initial 

resistance to inactivation.

It should be noted that bacterial strains used during experiments, apart from E. coli and P. 

aeruginosa, were teaching strains used at the Applied Microbiology Laboratory in Trinity 

College. Since these bacteria have been used and kept in stock there for many years, there is a 

possibility that bacterial resistance may have altered somewhat and so this may have 

contributed to the lack of distinct patterns emerging between Gram-negative and Gram- 

positive bacteria.

Reactivation and Repair o f Bacteria Post-Irradiation

Nearly all bacteria showed significant reactivation following photolytic treatment, although 

cells appeared to be visibly stressed, with small colonies and a slow growth rate typical of all 

bacteria plated after 24 and 48 hours of incubation in the dark following treatment. An 

example in Figure 4-51 shows the difference between healthy E. coli colonies and colonies 

following post-irradiation incubation in the dark. Gram stain analysis of both original and 

recovered cells, however, revealed no apparent morphological difference between the cells. In 

addition, propagation of cells was possible, although the propagated cells also produced small 

colonies. This observation was contrary to previous research which indicates that cells reach a 

viable but non-culturable state following dark repair post-irradiation (Jungftr, 2006).

163



Photolysis and Photocatalysis

(a) (b)

Figure 4-51 Comparison of (a) small colonies typical of reactivation and (b) healthy colonies of E. colL

Robertson et al. (2005) found small slow growing colonies among surviving colonies after 

treatment of E. coli, S. enteritidis and P. aeruginosa with UV-A light, which was also a 

feature of samples taken in the latter stages of experiments during this research. Small slow 

growing colonies are referred to as small colony variants and have been described for several 

pathogenic bacteria. Furthermore there may be an association between small colony variants 

and persistent, recurrent and antibiotic resistant infections, and as such Robertson et al. 

proposed that the production of small colony variants of pathogenic bacteria following UV-A 

treatment of drinking water may represent a health hazard. These variants were not observed 

following UV-A/Ti02 treatment and so they concluded that the bactericidal mechanism of the 

L V-A/TiOa process was different to that of UV-A light treatment alone. The results of Smith 

et a l (2000), however, suggest that sub-lethally injured bacteria may be less virulent than their 

uninjured counterparts and they proposed that it may be less important to enumerate this sub

group than the healthy cells.

A further feature of samples plated after 24 and 48 hours was the high level o f fluctuation 

observed in bacteria concentrations between trials and also between samples taken at the
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beginning and towards the end of experiments. In addition, the reactivation levels after 24 and 

48 hours varied considerably. As mentioned in Section 2.7.3 Gelover et at. (2006) observed 

after SODIS treatment that bacteria concentrations for total coliforms tended to increase after 

one or two days but then decreased, a pattern they reported as being typical of stressed 

bacteria. This cycle was observed a couple of times until the bacteria could not recover 

anymore and were not detected. While samples were not tested beyond 48 hours during the 

experiments carried out in this research, many trials showed a decline in levels between 24 and 

48 hours, which may suggest a similar pattern to that observed by Gelover et al. This may 

indicate the non-viability of these colonies in the long term and so treated water could be of 

drinking quality, despite the observed recovery of bacteria during the initial 48 hours post

irradiation. However, in order to determine this conclusively, it is imperative that the 

pathological nature of recovered cells is assessed fully following treatment in the continuous 

flow system.

It is important to note that the detection limit was not reached during photolytic trials 

except for B. megaterium experiments and one E. coli trial. Significantly B. megaterium was 

the only bacteria not to show recovery post-irradiation but a 5-log recovery was observed 

following the E. coli trial which resulted in complete inactivation. Reaching the detection 

limit is an important issue when assessing reactivation and repair of photolytically treated 

bacteria, which is pointed out in other studies on reactivation carried out by Rincon and 

Pulgarin (2004a) and Gelover et al. (2006). Therefore the recovery of samples which 

contained surviving viable cells after 360 minutes of photolytic treatment is not considered to 

be indicative of true recovery and repair of cells. The subject of reactivation is discussed 

further in Section 4.3.4.

Spring Water Trials

Trials carried out in spring water with E. coli did not reveal any significant difference 

compared to inactivation in distilled water, with any discrepancies attributable to differences 

in UV-A levels during trials. This is significant as research has suggested that the osmotic
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pressure on cells in distilled water can lead to faster inactivation during photolytic treatment 

due to osmotic lysis. For example, Cushnie et al. (2009) found that S. aureus, E. coli, S. 

typhimurium and P. aeruginosa varied greatly in their ability to withstand osmotic pressure 

and concluded that Gram-negative bacteria, such as E. coli and S. typhimurium should not be 

tested in distilled water, while van Grieken et al. (2009) found that E. coli was inactivated 

quicker than E. faecalis in deionised water but that differences were negligible in a simulated 

effluent from a waste water treatment plant. While this study showed no significant difference 

in the inactivation of E. coli in distilled and spring water, further investigation into the 

inactivation of bacteria in natural waters is recommended with other bacteria types.

Reactivation post-irradiation was observed to be significantly inhibited following 

photolytic trials of E. coli in spring water in both the CPC and PTC. The detection limit was 

not reached during trials but recovery was much lower than that observed following photolytic 

treatment in distilled water. This result is somewhat surprising in that the significant osmotic 

pressure on cells in distilled water could be expected to prevent recovery and repair more than 

a natural water in which bacteria would be expected to thrive. No clear explanation is evident 

to explain these findings, however it is suspected that ions in the water may have promoted 

some kind of photocatalytic process, which killed organisms in a different way to standard 

photolytic treatment, preventing recovery. These results are contrary to those of Gomes et al. 

(2009), who carried out photolytic experiments on synthetic and natural waters and observed 

no bacterial recovery in synthetic waters but reactivation did occur in natural waters. Kerr et 

al. (1999) also examined the viability of E. coli in various water types and reported that 

survival was higher in high mineral content water when compared to distilled. It is therefore 

recommended that fiiture studies, to determine the pathological nature o f recovered cells 

following photolytic treatment, utilise natural waters in order to assess any differences 

between recovered cells in natural and distilled waters.
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VV-A Intensity

The impact of UV-A levels on experiments was examined for E. coli and S. entereditis 

trials in Section 4.2.3.2 and showed that higher UV-A levels during the initial inactivation 

phase promoted more efficient bacterial removal in the case of E. coli. For S. entereditis, 

however, a more significant initial shoulder region was evident even with high UV-A levels, 

suggesting that a threshold UV-A dose of approximately 4.5 kJ/litre needed to be reached in 

order to allow inactivation to proceed rapidly (compared to 2.7 kJ/litre for E. coli under high 

UV-A levels). During the second phase of E. coli inactivation, when the disinfection rate 

tailed off, high UV-A levels did little to promote faster disinfection but in the case o f S. 

entereditis, higher UV-A levels resulted in a faster second phase of inactivation beyond the 

shoulder region.

The possibility that bacteria can adapt to the effects of UV during photolysis and become 

more resistant to treatment with increased residence time under illumination has previously 

been suggested by Bemey et al. (2007) and Pezzoni et al. (2012). This may explain the tailing 

of inactivation which was observed following fast inactivation periods during trials.

In terms of the significance of UV-A intensity and cumulative dose Dejung et al. (2007) 

showed that the SODIS process depended mainly on the radiation dose an organism was 

exposed to rather than UV intensity. However, Polo-Lopez et al. (2011) found that exposure 

to a UV-A dose of approximately double the minimum lethal dose halved total inactivation 

time. Gomez-Couso et al. (2009) also found that the intensity of radiation was the most 

significant factor during inactivation of Cryptosporidium and levels greater than 600 W/m^ 

were required (equivalent to approximately 30 W/m of UV-A in this context).

It is apparent from the E. coli and S. entereditis trials investigated that faster inactivation 

can be achieved with higher UV-A levels, however it is interesting that high UV-A levels did 

not prevent significant reactivation in either case. In addition, it was notable that brief periods 

of UV-A levels over 20 W/m^ during the slow inactivation trials of E. coli and S. entereditis,
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when UV-A levels were generally below 20 W/m^, may have promoted faster inactivation. It 

is therefore proposed that while inactivation can proceed at low intensities once a threshold 

dose has been received, intensities over 25 W/m^ can lead to significantly more efficient 

inactivation. At low intensities a minimum threshold dose of approximately 4.5 kJ/litre is 

needed for both E. coli and S. enteriditis to allow more rapid inactivation to proceed.

CPC vs PTC

Significant differences were observed between photolytic treatment in the CPC compared 

to the PTC, most notably a shoulder period during the initial phase of experiments in the PTC, 

which as pointed to previously was due to the non-tracking design of the parabolic trough. 

The PTC reflector only utilised direct sunlight, when the reactor faced the sun during the 

midday period, resulting in slow disinfection in the morning and late afternoon periods. The 

CPC design, however, allowed efficient use of direct and diffuse radiation throughout the day. 

An examination of the efficiency of both reactors in terms of illuminated piping area, as 

opposed to overall illuminated area including reflectors, revealed that the PTC performed 

favourably compared to the CPC. In addition, despite an initial lag between inactivation of the 

PTC compared to the CPC during the first 180 minutes, the PTC was observed to perform 

similarly in terms of time beyond this point. This efficiency could be improved if use was 

maximised around the midday hours and the result is significant given the ease of construction 

of the PTC compared to the CPC and the potential cost savings of less piping.

4.3. Photocatalytic Disinfection o f Bacteria 

4.3.1. Introduction

A large body of research has been carried out on photocatalytic disinfection of water using 

titanium dioxide (Ti0 2 ), which has been shown to inhibit reactivation and repair of bacteria 

(Herrera Melian et a i,  2000; Rincon and Pulgarin, 2004a; Davies et a i ,  2009). This study

168



Photolysis and Photocatalysis

investigated a variety of suspended and fixed catalysts. TiOj and ZnO nano-particle powders 

were tested in suspension, as well as ruthenium in the form Ru(bpy)3Cl2, which forms a 

solution in water. The mechanisms of Ti02 photocatalytic disinfection are outlined fully in 

Section 2.5.1 and involve damage of the cell wall by hydroxyl radicals generated at the Ti02 

surface, which attack the cell wall and membrane leading to permeability. ZnO has a higher 

absorbance than Ti0 2  and is capable of absorbing a broader range of solar radiation than Ti0 2  

but it generally has a smaller surface area and can degrade over prolonged exposure 

(Neppolian et a i, 1999; Sakthivel et a l, 2003; Chakrabarti and Dutta, 2004). The Ru(bpy)3^̂  

ion contains all the photocatalytic properties of the ruthenium complex and displays strong 

absorption in the visible range, producing reactive oxygen species (ROS) derived from singlet 

oxygen, *02, which are known to have a strong photocatalytic effect (Whitten, 1980). 

Ru(bpy)3Cl2 was selected for this study in order to compare the impacts of singlet oxygen in 

the continuous flow system compared to photocatalysis using Ti02 and ZnO.

Both Ti02 and ZnO powders used in this study were of nano-particle size and it has been 

proposed that two possible mechanisms could be involved in the interaction between 

nanoparticles and bacteria, namely the production of increased levels of reactive oxygen 

species, in particular hydroxyl radicals and singlet oxygen, and the presence of nanoparticles 

on the surface of bacteria or accumulation in the cytoplasm or periplasmic region. The 

presence of particles causes interference with cellular fiinction and possible disturbance and 

disorganisation of membranes (Brayner et a i, 2006; Yang et al., 2009; Raghupathi et a i, 

2011). This study examined Ti02 and ZnO photocatalysis using the suspended powders alone 

and combined with Ru(bpy)3Cl2 in solution. The impact of Ru(bpy)?Cl2 alone on disinfection 

was also tested.

In addition to suspended catalysts, two types of fixed catalyst insert were also tested in the 

CPC, as outlined in Section 3.2.4.3 and shown in Figures 3-7 and 3-8. Each insert was 

fabricated with nylon and covered with Ti02 paper (see Section 3.2.4.2). Insert #1 consisted 

of one large conical frustum and insert #2 consisted of five small connected frusta.
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The physical properties o f  catalysts used in the trials are outlined in Section 3.2.4. It 

should be noted that the suspended Ti0 2  used during trials had transferred to the rutile phase 

during preparation, which is not as active as the anatase phase. This error in preparation was 

discovered after trials had been completed, when properties were rechecked. In addition, the 

Ti02 particles had a smaller surface area o f  22.7 m /g compared to 238.7 m /g for ZnO.

4.3.2. Experimental Set-Up

The CPC and PTC reactors were set up according to the standard method outlined in 

Section 3.3.3.2. For experiments carried out with suspended catalysts, the correct quantity o f  

catalyst for each reactor was gradually added to recirculating contaminated water, while the 

reactor was covered from the sun. Starting concentrations o f  bacteria in each reactor were 

approximately 1 x 10  ̂ CFU/ml and 50 mg/litre o f  Ti02 and ZnO and 2.5 mg/litre o f  

Ru(bpy)3Cl2 were used for experiments. Adequate time was given to ensure complete mixing 

o f  the catalyst before starting the experiments and exposing the reactors to the sun. For fixed 

catalyst experiments, five o f  the particular inserts being tested were positioned in every second 

tube o f  the CPC, as shown in Figure 4-52, and so both photocatalytic and photolytic 

mechanisms were taking place during trials. Samples were taken at regular intervals and 

plated as per the standard method outlined in Section 3.3.1. All samples were incubated for 48 

hours in the dark and were plated after 24 hours and 48 hours to test for recovery o f  cells.
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Figure 4-52 Fixed titanium dioxide inserts in the CPC.

4.3.3. Results

Results for suspended and fixed catalyst experiments on bacteria are presented in this 

section and are the average obtained from experimental trials, a minimum of three repeats per 

experiment. Dark control experiments were also carried out and are presented.

4.3.3.1. Photocatalytic Treatment of Bacteria

Suspended Ti02

Figure 4-53 shows average results for photocatalytic disinfection o f E. coli using suspended 

Ti02 at a concentration of 50 mg/litre in the CPC and PTC compared to results for standard
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photolytic disinfection in each reactor. It can be seen from the large vertical error bars that 

Ti02 had mixed results in both the CPC and PTC, particularly during the initial phase o f 

inactivation. UV-A levels were consistently high for all trials and UV-A levels for all 

photocatalytic experiments are outlined in Appendix D. However, initial UV-A levels were 

significantly higher during the initial phase o f the trial with the highest disinfection rates 

(between 35 and 40 W/m^), which appears to have accelerated inactivation and this was the 

only Ti02 trial to reach the detection limit within 360 minutes (in the CPC but not in the PTC). 

The mixed results may also have been due to the fact that the Ti02 powder was in the less 

active rutile phase o f Ti02 rather than the reactive anatase phase. Further analysis is given in 

terms o f UV-A intensity in Section 4.3.3.2. The dark run carried out with suspended Ti02 in 

the CPC is shown in Figure 4-54, with no significant decline in bacterial numbers observed.

Ti02 CPC Ave.

Ti02 PTC Ave.

Photolysis CPC 
Ave.

—  Photolysis PTC 
Ave.

Cumulative UV-A Dose (kJ/litre)

Figure 4-53 E. coli photocatalytic disinfection using suspended TiOj in the CPC and PTC (plotted 

against average photolytic results for comparison).
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Figure 4-54 E. colt dark run using suspended Ti02 in the CPC plotted against average Ti02 

photocatalytic results for comparison.

Ru(bpy)}Cl2

Figure 4-55 shows the photocatalytic treatment o f  E. coli with Ru(bpy)3Cl2 in solution at a 

concentration o f  2.5 mg/litre. Ru(bpy)3Cl2 had a dramatic effect on inactivation in the CPC 

with an average 5-log reduction achieved within the first 15 minutes o f  exposure. The PTC 

also showed an improvement on standard photolytic disinfection with an average 4-log  

reduction achieved within the first 60 minutes o f  treatment. The detection limit was reached 

in the CPC at an average cumulative UV-A dose o f  5.93 kJ/litre and an average final 

concentration o f  200 CFU/nil was observed in the PTC at an average dose o f  69.1 icJ/litre. 

UV-A levels were consistently high for all trials, as can be seen from the small horizontal 

error bars for cumulative UV-A dose, and all recorded intensities were over 25 W/m . The 

dark runs for E. coli with Ru(bpy)3Cl2 in the CPC and PTC are shown in Figure 4-56 (a) and 

(b) but again no significant impact on bacteria was observed.
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Ru(bpy)3CI2 
CPC Ave.

Ru(bpy)3CI2 
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Photolysis CPC 
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Figure 4-55 E. coli photocatalytic disinfection using Ru(bpy)3Cl2 in solution in the CPC aid PTC 

(plotted against average photolytic results for comparison).

Dark

Run
Dark
Run
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Ave. Exp.
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Sample Time (mins)Sam ple Time (mins)

(a) (b)

Figure 4-56 E. coli dark run using Ru(bpy)3Cl2 in solution in (a) CPC and (b) PTC, plotted against 

average Ru(bpy)3Cl2 photocatalytic results for comparison.
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Suspended Ti02 and Ru(bpy)sCl2

Figure 4-57 shows the photocatalytic treatment o f  E. coli using suspended Ti02 and 

Ru(bpy)3Cl2 in solution in the CPC compared to standard photolysis. 50 mg/litre o f  Ti02 and 

2.5 mg/litre o f  Ru(bpy)3Cl2 were used during trials. A pronounced increase was observed in 

the photocatalytic disinfection rate compared to photolysis with an average 4-log reduction 

achieved within the first 30 minutes o f  treatment. The disinfection rate quickly tailed off, 

however, and only a further 0.6-log reduction was achieved for the remaining 330 minutes o f  

exposure. The average final concentration was 150 CFU/ml for an average final cumulative 

UV-A dose o f  30.38 kJ/litre and the detection limit was reached during one trial only after 360 

minutes o f  exposure. UV-A levels were mixed for trials, as can be seen from the large 

horizontal error bars for cumulative UV -A dose. The dark run for E. coli with suspended Ti02  

and Ru(bpy)3Cl2 in the CPC is shown in Figure 4-58, with bacterial concentrations remaining 

stable.

Ti02 +
Ru(bpy)3CI2
CPCAve.

Photolysis 
CPC Ave.

4 0

Cumulative UV-A Dose (kJ/litre)

Figure 4-57 E. coli photocatalytic disinfection using suspended TiO; and Ru(bpy)3 Cl2 in the CPC.
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Figure 4-58 E. coli dark run using suspended T i02 and Ru(bpy)3 Cl2 in the CPC, com pared to average 

results for T i02 and Ru(bpy)3 Cl2 photocatalysis in the CPC.

Suspended ZnO

Figure 4-59 shows the photocatalytic disinfection of E. coli with suspended ZnO compared 

to standard photolysis. The photocatalytic inactivation curve showed a sharp increase in 

disinfection rate compared to photolysis and the detection limit was reached within 45 minutes 

of exposure at most. Consistently high levels of UV-A intensity were observed during all 

eKperiments with all recorded levels above 25 w W . Figure 4-60 shows the dark run for 

sispended ZnO compared to average results for ZnO photocatalytic disinfection and a decline 

of less than 0.5-log was observed over 120 minutes.
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Figure 4-59 E. coli photocatalytic disinfection using suspended ZnO in solution in the CPC.
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Figure 4-60 E. coli dark run using suspended ZnO in solution in the CPC, compared to average results 

for ZnO photocatalysis in the CPC.
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Suspended ZnO and Ru(bpy)3Cl2

The combination o f  ZnO and Ru(bpy)3Cl2 (50 mg/litre ZnO, 2.5mg/litre Ru(bpy)3Cl2 ) 

showed similarly effective disinfection results as ZnO and Ru(bpy)3Cl2 used alone and an 

average 4-log reduction was achieved within the first 30 minutes, as can be seen in Figure 

4-61. The detection limit was reached during all trials at an average cumulative UV -A dose o f  

24.86 kJ/litre. As can be seen from the small horizontal error bars for cumulative U V -A  dose, 

UV-A intensity levels were consistently high for all trials, with 65% o f  all levels recorded over 

40 W/m^. Figure 4-62 shows the dark run for ZnO and Ru(bpy)3Cl2 and a 0.8-log decline was 

observed over 120 minutes, which is slightly higher than expected when compared to other 

dark run results, which tended to be below 0.5-log reduction. This could have been due to the 

instability o f  ZnO, which may have been affected by the presence o f  Ru(bpy)3Cl2 .

ZnO +
Ru(bpy)3CI2
CPCAve.

Photolysis
CPCAve.

Cumulative UV-A Dose (kJ/litre)

Figure 4-61 E. coli photocataiytic disinfection using suspended ZnO and Ru(bpy)3Cl2 in solution in the 

CPC.
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Figure 4-62 E. coli dark  run using suspended ZnO and Ru(bpy)3Ci2 in solution in the CPC, compared 

to average results for ZnO and Ru(bpy)3Cl2 photocatalysis in the CPC.

Ti02 Fixed Inserts

Photocatalytic treatment of E. coli using the fixed Ti02 inserts was carried out in both 

distilled and spring water, shown in Figures 4-63 and 4-64. As mentioned previously, both 

photocatalytic and photolytic mechanisms would have been taking place during these trials, as 

inserts were positioned in only five of the ten reactor tubes. Results for insert #1 and #2 in 

distilled water compared to standard photolysis in distilled water are shown in Figure 4-63 and 

little difference was observed between inactivation rates for insert #1 (the single large frusta) 

compared to photolysis. An initial shoulder o f slow inactivation was observed with insert #2, 

which was then followed by similar disinfection rates to both insert #1 and photolysis. The 

detection limit was not reached during trials for either insert, with an average final 

concentration of 295 CFU/ml for a final cumulative UV-A dose of 22.39 kJ/litre with insert #1 

and 320 CFU/ml for a final dose o f 31.93 kJ/litre with insert #2. The inserts therefore did not 

improve on photolysis results and insert #1 was slightly more effective than insert #2.
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Figure 4-64 shows disinfection of E. coli using the fixed inserts in spring water compared 

to standard photolysis in spring water. A shoulder region was observed for both inserts, with a 

slower inactivation rate than that observed for standard photolysis. An average final 

concentration of 70 CFU/ml was observed with insert #1 for an average overall dose o f 37.44 

kJ/litre, while average final bacterial levels were 750 CFU/ml for insert #2 for an average 

overall cumulative dose of 20.64 kJ/litre. The detection limit was reached during one trial 

with insert #1.

UV-A intensity levels were mixed for all trials, as can be seen from the large horizontal 

error bars for cumulative UV-A dose, but were significantly better for insert #2 trials in 

distilled water compared to insert #1, which notably did not result in improved results for 

insert #2 compared to #1. In contrast, UV-A levels during spring water trials were 

significantly better for insert #1 trials compared to insert #2 and were observed to improve 

inactivation. (See Appendix D for average UV-A levels during trials).

- 0.5

In se rt# !
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■2.5
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40

Cumulative UV-A Dose (kJ/litre)

Figure 4-63 E. coli disinfection using fixed Ti02 inserts #1 and #2 in distilled water in the CPC 

compared to photolysis in distilled water.
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Figure 4-64 E. co li disinfection using fixed T i02  inserts #1 and #2 in spring water in the CPC compared 

to photolysis in spring water.

Figure 4-65 shows the dark run for insert #1 in the CPC with no decline in bacterial 

concentration observed.

-0 .5

Dark Run

2.5
Exp. Ave.

-3 .5

0  3 0  6 0  9 0  1 2 0  150  180  2 1 0  2 4 0  2 7 0  3 0 0  3 3 0  360

Sample Time (mins)

Figure 4-65 E. co li da rk  run  using fixed T iO : insert #1 in the CPC in distilled water, compared to 

average results fo r insert #1 tria ls  in distilled water in the CPC.
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Table 4-7 shows a summary o f results for photocatalytic experiments in the CPC, 

comparing the cumulative UV-A dose and time needed to reach 1 to 4-log reductions, as well
-y

as the average UV-A level and percentage o f time spent at levels over 25 W/m . It can be seen 

from the results that the suspended catalysts performed better than the fixed catalysts. 

Ru(bpy)3Cl2 gave the most impressive results with the detection limit reached within 15 

minutes during all trials, while Ti02 insert #2 gave the poorest results. Significantly the 

inserts did not improve inactivation when compared to standard photolysis results, both in 

terms o f  cumulative dose and time. For a 3-log reduction o f E. coli in distilled water, 

inactivation rates in terms o f cumulative dose were in the order Ru(bpy)3Cl2 > (Ti0 2  & 

Ru(bpy)3Cl2) > (ZnO & Ru(bpy)3Cl2) > ZnO > Ti02 > Photolysis > Insert #1 > Insert #2. It 

should be noted that the inserts displaced approximately 5 litres o f water and so cumulative 

doses were adjusted to account for the lower volume being treated.

Table 4-8 shows the photocatalytic results obtained in the PTC. Ti02 did not show any 

improvement on photolysis results but Ru(bpy)3Cl2 photocatalysis produced greatly increased 

inactivation rates, with only 6.816 kJ/litre required to reach a 3-log reduction compared to 

18.865 kJ/litre for photolysis and 20.012 kJ/litre for Ti02 trials.

Table 4-9 shows the average maximum disinfection coefficients calculated using GInaFiT 

for all photocatalysis inactivation curves, as well as the inactivation models o f best fit. Table 

4-10 shows GInaFiT results for the PTC. Disinfection coefficients were higher for all 

suspended catalysts compared to photolytic disinfection coefficients but fixed inserts resulted 

in similar or lower disinfection kinetics than standard photolysis. The improvement in 

disinfection rate for suspended Ti0 2  was not as pronounced as for other suspended catalysts, 

which was presumed to be due to the high rutile content in the prepared catalyst. Ti0 2  inserts 

followed shoulder-linear-tail models, while shoulders were not evident in any other 

inactivation curves in the CPC, which followed linear or linear-tail models. The PTC 

exhibited shoulder-linear-tail inactivation apart from trials with Ru(bpy)3C12, which followed 

the linear-tail model. GInaFiT graphs for all photocatalytic trials are included in Appendix C.
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Table 4-7 Summary of results for photocatalytic inactivation of E. coli in CPC.

TiOj 2.494 3.769 6.157 9.474 21 81 54 81 31.3 79

ZnO 1.225 2.222 3.074 4.091 10 19 26 32 43.6 100

Ru(bpy)3Ch < 1.869 < 1.869 < 1.869 1.869 < 15 < 15 < 15 < 15 41.3 100

TiOj & 

Ru(bpy),Cl!

0.296 0.614 1.085 2.043 6 12 20 37 24.06 40

Z n O &

Ru(bpy)jCl!

0.449 0.899 1.349 2.779 5 9 14 27 41.1 100

Insert #1 3.641 6.693 9.620 18.485 70 123 159 288 17.9 14

Insert #2 6.77 8.57 10.37 25.01 124 146 169 297 21.9 35

Insert #1 in 

SW

11.11 13.66 16.20 29.99 104 130 169 269 25.9 49

Insert #2 in 

SW

9.61 12.48 14.89 17.97 118 169 219 292 15.1 7

E. coli 

Photolysis

3.407 6.087 9.349 19.403 48 81 114 206 31.3 57
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Table 4-8 Summary of results for photocatalytic inactivation of E. coli in PTC.

TiOz 8.484 15.494 20.021 28.508 92 146 176 247 31.3 79

Ru(bpy)3Cl2 2.053 5.252 6.816 15.371 12 31 39 81 41.3 40

E. coli 6.754 

Photolysis

14.844 18.865 28.628 84 139 165 226 31.3 65

Table 4-9 Maximum disinfection coefficient, kn,,,, and inactivation models of best fit for 

photocatalytic regimes in the CPC, calculated using CInaFiT software.

various

1 1
TiOj 1.14 Linear-Tail 0.98

ZnO 2.58 Linear 0.99

Ru(bpy)jCl2 7.15 Linear* n/a

TiOz & Ru(bpy)3Cl2 6.32 Linear-Tail 0.98

ZnO & Ru(bpy)jCl2 3.41 Linear-Tail 0.86

Insert #1 0.84 Shoulder-Lincar-T ail 0.99
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Insert #2 1.25 Shoulder-Linear-T ail 0.99

Insert #1 in Spring 

Water

0.66 Shoulder-Linear-T ail 0.97

Insert #2 in Spring 

Water

0.93 Shoulder-Linear-T ail 0.99

E. coli Photolysis 0.85 Linear-Tail 0.98

*  Note: R u(bpy)3Cl2 inactivation reached the detection Hmit w ithin 15 m inutes and so only 

two data points w ere available to m odel. G iN aFiT  requires m ore than tw o data points in order 

to apply the m odel o f  best fit. The m axim um  disinfection coefficient was calculated  using 

Equation 4.1.

Table 4-10 Maximum disinfection coefficient, k,„„, and inactivation models of best fit for various 

photocatalytic regimes in the PTC, calculated using CInaFiT software.

TiOz 0.43 Shoulder-Linear-T ail 0.99

Ru(bpy)jCl2 0.41 Linear-T ail 0.97

E. coli Photolysis 0.47 Shoulder-Linear-Tail 0.98
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4.3.3.2. UV-A Intensity

The impact of UV-A intensity on inactivation rates was examined for the case of suspended 

TI0 2 , as this was the only catalyst to show very different disinfection curves between trials 

carried out on days with varied UV-A intensity levels. Due to the fact that the Ti02 used was 

mostly rutile, however, the photocatalytic impact of this catalyst was lower than other 

suspended catalysts. Figures 4-66 and 4-67 show two trials of Ti02 photocatalysis on 

18/06/13 and 05/07/13. The photolytic inactivation of E. coli on 11/07/13 is included for 

comparison, as this was the fastest E. coli inactivation observed and had the highest UV-A 

levels o f all photolytic trials on E. coli. Examination of the inactivation curves show that the 

photocatalytic inactivation of E. coli on 18/06/13 was similar to the fast photolytic trial but the 

photocatalytic trial carried out on 05/07/13 was considerably faster than both of these.

The initial inactivation phase was much slower on 18/06/13 compared to 05/07/13. The 

slow shoulder region on 18/06/13 transitioned to a log-linear fast inactivation period after 45 

minutes, however. In comparison, the initial steep log-linear inactivation curve on 05/07/13 

tailed off after 45 minutes and slow disinfection was observed for the remaining 315 minutes. 

The maximum disinfection coefficient was actually higher for the slower inactivation day at 

2.93 litre/kJ compared to 2.12 litre/kJ on the day with faster overall inactivation. Figure 4-68 

shows the models of best fit applied by GlnaFiT with the fast disinfection day following a 

linear-tail decline, while the slow disinfection followed a shoulder-linear-tail model.
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Ti02 E. coli 
18/06/13

Ti02 E. coli 
05/07/13

Photolysis E. 
coli 11/07/13

0 30 60 90 120 150 180 210 240 270 300 330 360

Tim e (m ins)

Figure 4-66 Photocatalytic disinfection of E. coli in the CPC using suspended TiO: expressed in terms 

of time: fast inactivation on 05/07/2013 and slow inactivation on 18/06/2013. (Fast photolytic disinfection of 

E. coli included for comparison.)

Ti02 E. coli 
18/06/13

Ti02 E. coli 
05/07/13

Photolysis 
E. coli 
11/07/13

C um ulative UV-A Dose (kJ/litre)

Figure 4-67 Photocatalytic disinfection of E. coli in the CPC using suspended Ti02 expressed in terms 

of cumulative UV-A dose: fast inactivation on 05/07/2013 and slow inactivation on 18/06/2013. (Fast 

photolytic disinfection of E. coli included for comparison.)
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Figure 4-68 GInaFiT models for (a) fast inactivation on 05/07/2013 (Linear-Tail) and (b) slow 

inactivation on 18/06/13 (Shoulder-Linear-Tail).

UV-A intensity levels in terms of frequency of occurrence, cumulative frequency and time 

profile during the initial and final stages o f inactivation are shown in Figures 4-69 to 4-72 and 

it can be seen that levels were particularly high for the first 45 minutes on 05/07/13, ranging 

between 36 and just over 40 W/m^, compared to levels between 23 and 32 W/m^ on 18/06/13. 

It appears that this difference in UV-A intensities between trials had a major impact on 

disinfection rates at the beginning phase o f inactivation and suggests that levels over 35 W/m^ 

can result in significantly more efficient disinfection than UV-A levels between 25 and 35 

W/m . The intensity levels for the second phase of inactivation were much higher on 05/07/13 

up to the 150-minute point but this did not correlate with fast inactivation and a rapid tailing 

off was observed. However, UV-A intensities above 20 W/m^ were sufficient on 18/06/13 to 

allow rapid inactivation to proceed during the second phase, indicating that a threshold dose 

(4.3 icJ/litre) had been received beyond which fast inactivation could proceed. Inactivation 

tailed off quickly however, at the 90 minute mark, which is similar to kinetics observed on 

05/07/13, as well as during photolytic disinfection. (UV-A levels for photolytic disinfection 

on 11/07/13 are shown in Figures 4-22 and 4-24.)
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Figure 4-69 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile of UV-A intensity for E. coti Ti02 photocatalytic disinfection in CPC, 18/06/2013, during initial 

slow disinfection phase of 45 minutes.
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Figure 4-70 (a) Frequency of occurrence; (b) cumulative frequency; (c) time pronie of UV-A intensity for E. coli T i02 photocatalytic disinfection in CPC, 05/07/2013, during initial fast 
disinfection phase of 45 minutes.
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Figure 4-71 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile o f UV-A intensity for E. coli T1O 2 photocatalytic disinfection in CPC, 18/06/2013, during second 
fast disinfection phase.
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Figure 4-72 (a) Frequency of occurrence; (b) cumulative frequency; (c) time profile of UV-A intensity for E. coli T i02 photocatalytic disinfection in CPC, 05/07/2013, during second slower 
disinfection phase.
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4J.3.3. Reactivation and Repair of Bacteria

Average reactivation values for E. coli following photocatalytic treatment are presented in 

this section. As with the photolytic trials, samples were stored at 37°C in the dark and were 

re-plated following 24 and 48 hours of incubation. Average reactivation levels for standard 

photolysis are shown in Figure 4-79 at the end of this section for comparison.

Figure 4-73 shows average recovery o f E. coli following photocatalytic treatment using 

suspended Ti02 in both the CPC and PTC. Results showed significant 24 and 48-hour 

reactivation for the 360-minute samples in both cases. The CPC 360-minute sample reached 

an average of 2.5 x lO'* CFU/ml, representing a 2.5-log recovery from the original bacteria 

level directly after treatment. The PTC 360-minute sample reached an average o f 6 x lO”* 

CFU/ml, which was equivalent to a 2-log recovery in bacteria levels. The detection limit was 

only reached in one CPC trial but this also displayed a 2-log recovery for the 360-minute 

sample. The standard error bars showed large fluctuations in reactivation levels, which was 

typical of most photocatalytic trials.
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Figure 4-73 Average reactivation of E. coli following photocatalytic treatment using suspended Ti02 in 

(a) CPC and (b) PTC.
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Figure 4-74 shows average reactivation o f  E. coli following photocatalytic treatment with 

Ru(bpy)3Cl2 in solution in both reactors. The levels o f  recovery were again very significant 

with the 360-minute samples reaching an average o f  1.5 x 10  ̂ CFU/ml in the case o f  CPC 

treatment and 1.3 x 10  ̂CFU/ml in the case o f  the PTC. This represented an average 3.5-log  

recovery in bacteria levels for the CPC and a 3-log recovery for the PTC. The detection limit 

had been reached after 30 minutes o f  exposure during all trials in the CPC but only one PTC 

trial reached the detection limit after 360 minutes o f  photocatalytic treatment.
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Figure 4-74 Average reactivation o f E. coli following photocatalytic treatm ent using Ru(bpy)3 Cl2 in 

solution in (a) CPC and (b) PTC.

Figure 4-75 shows reactivation o f  E. coli following photocatalytic treatment with 

suspended Ti02 and Ru(bpy)3Cl2 in solution in the CPC. The recovery was very high with 

average bacteria levels reaching over 1 x 10  ̂ CFU/ml for all samples. An average 3.5-log  

recovery in bacteria levels was observed in the 360-minute samples and the detection limit 

was reached during one trial only, which saw a 3-log recovery. Figure 4-76 shows recovery 

following photocatalytic treatment with suspended ZnO and suspended ZnO combined with 

Ru(bpy)3 Cl2 in solution in the CPC. The detection limit was reached during all trials but
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reactivation levels reached an average o f  1.2 x lO'* CFU/ml following 48 hours o f  incubation 

for the 360-minute samples after ZnO photocatalytic treatment and a level o f  6 x 10  ̂ CFU/ml 

was reached after ZnO plus Ru(bpy)3Cl2 treatment.
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Figure 4-75 Average reactivation of E. coli following photocatalytic treatment using suspended Ti02 

and Ru(bpy)3Cl2 in solution in the CPC.
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Figure 4-76 Average reactivation of E. coli following photocatalytic treatment using in (a) suspended 

ZnO and (b) suspended ZnO and Ru(bpy)3Cl2 in solution in the CPC.
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The reactivation results following treatment using Ti02 fixed catalysts in distilled water are 

shown in Figure 4-77 and insert #2 appeared to suppress recovery slightly better than insert 

#1. The 360-minute samples recovered to an average concentration o f  9 x 10'* CFU/ml from 

2.5 X 10  ̂CFU/ml for insert #1 and to 3 x 10  ̂CFU/ml from 3 x 1 0 ^  CFU/ml for insert #2. The 

reactivation results for insert trials carried out in spring water are shown in Figure 4-78, which 

were lower than results observed in distilled water (note change in y-axis range from 1 x 1 0 ^  

to Ix 10^). The average final bacteria counts following 360 minutes o f  treatment were 70 for 

insert #1 and 750 CFU/ml for insert #2. These recovered to an average 6 x 1 0 ^  CFU/ml after 

48 hours o f  incubation in the case o f  insert #1 but reduced to l x 10  ̂ CFU/ml in the case o f  

insert #2. The detection limit was reached during one insert #1 trial and a 2-log recovery was 

observed but all insert #2 trials saw a decrease in bacterial levels during the incubation period 

and so this insert appeared to suppress reactivation and repair better than insert #1, as was 

observed with distilled water trials.
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Figure 4-77 Average reactivation of E. coli following disinfection in the CPC using (a) fixed TiOi insert 

#1 and (b) fixed Ti0 2  insert #2.
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Figure 4-78 Average reactivation of E. coli following disinfection in spring water in the CPC using (a) 

fixed T1O 2 insert #1 and (b) fixed TiOj insert #2.

Figure 4-79 shows average reactivation following photolytic treatment o f E. coli in the 

CPC and PTC with average recovery to 2.7 x 10̂  CFU/ml observed for the CPC and 3 x lO"* 

CFU/ml for the PTC.
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Figure 4-79 Average reactivation of E. coli following standard photolysis in (a) CPC and (b) PTC.
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4.3.4. Discussion of Results

Suspended vs. Fixed Catalysts

The results presented show that, as expected, the suspended catalysts outperformed the 

fixed catalysts in terms o f  inactivation efficiency. For a 3-log reduction o f  E. coli in distilled 

water, inactivation rates in terms o f cumulative UV-A dose were in the order Ru(bpy)3Cl2 > 

(Ti02 & Ru(bpy)3Cl2) > (ZnO & Ru(bpy)3Cl2 ) > ZnO > TiOa > Photolysis > Insert #1 > Insert 

#2. Ru(bpy)3Cl2 showed very aggressive inactivation both on its own and when mixed with 

Ti02 and ZnO, (at the same concentrations as when used separately), although inactivation 

rates were reduced when it was mixed with the catalysts. Experiments which used Ti02 

combined with Ru(bpy)3Cl2 did not reach the detection limit in all trials and inactivation 

appeared to reach a plateau after the initial rapid reaction period. ZnO combined with 

Ru(bpy)3Cl2 reached the detection limit in all trials but the disinfection rate for a 3-log 

reduction was lower than that observed for trials with Ti02 and Ru(bpy)3Cl2 combined. The 

overall performance o f both catalysts improved when combined with Ru(bpy)3Cl2 , in 

particular Ti0 2 , which confirms results from other research with Ti0 2  doped with ruthenium 

that showed enhanced photocatalytic activity (Hou§kova et al. 2009; Sasirekha et al., 2006).

In experiments which used the suspended catalysts alone ZnO performed better than Ti02, 

which agrees with research by Seven et al. (2004), who successfiilly used 100 mg/litre ZnO to 

treat E. coli, P. aeruginosa, S. aureus, Saccharomyces cerevisiae  and Candida albicans. They 

found that photocatalytic inactivation o f E. coli with ZnO was faster than with Ti02 but no 

significant difference was observed between performances o f  the photocatalysts for P. 

aeruginosa. Liu and Yang (2003) also reported inactivation o f E. coli and Lactobacillus 

helveticus using 2 g/litre o f  ZnO, which was compared to inactivation achieved with the same 

concentration o f Ti02. Following exposure to 20 W/m for 40 minutes, the concentration o f E. 

coli reduced from 1 x 10* CFU/ml to the detection limit when treated with ZnO, while a final 

cell concentration o f 10 CFU/ml was observed with Ti02. Lactobacillus helveticus reduced 

from 1 X 10  ̂ CFU/ml to 1 x 10  ̂ CFU/ml with ZnO and to 1 x 10̂  CFU/ml with Ti02. This
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indicated that photocatalysis with ZnO can be more effective than with Ti02- It should be 

noted again, however, that the Ti0 2  powder used in these trials was in the non-reactive rutile 

form, which could explain the significantly reduced performance compared to ZnO observed 

in experiments.

A review o f suspended catalyst properties in Section 3.2.4.1 shows a much higher surface 

area in ZnO particles compared to Ti02 and a smaller particle size o f ZnO compared to Ti02. 

Raghupathi et al. (2011) investigated the antibacterial properties o f ZnO nanoparticles using 

both Gram-positive and Gram-negative microorganisms. The antibacterial activity o f the ZnO 

nanoparticles was observed to be inversely proportional to the size o f the nanoparticles in tests 

with S. aureus. It was suggested that the antibacterial activity o f ZnO nanoparticles might 

involve both the production o f reactive oxygen species and the accumulation o f nanoparticles 

in the cytoplasm or on the outer membranes o f  bacteria (Raghupathi et al., 2011). This might 

also explain the increased inactivation o f ZnO during these trials, which had a smaller particle 

size o f 25 nm compared to the larger Ti02 particle size o f 41 nm.

The marked improvement o f E. coli inactivation with the presence o f  Ru(bpy)3Cl2, and 

therefore singlet oxygen and its related reactive oxygen species, shows that these reactive 

agents can be more aggressive than those produced with standard Ti0 2  photocatalysis (mostly 

hydroxyl radicals). The form of ruthenium used in these experiments is not suitable for water 

treatment in a practical context, as it forms a solution in water making it virtually impossible 

to remove. However, further research on immobilised ruthenium complexes which act as 

singlet oxygen generators would certainly appear to be worthwhile. One such study was 

earned out by Villen et al. (2006) and looked at the viability o f  a photocatalytic process for 

bacteria inactivation with sunlight using a 0.8 m  ̂ CPC and a UV-visible light absorbing 

ruthenium (II) tris-chelate complex immobilised (2 g/m ) onto porous silicone to generate 

singlet oxygen. They found the system to be comparable to or better than solid supported 

Ti02 photocatalysts at inactivating waterborne bacteria. This system was optimised by 

Manjon et al. (2007) and produced inactivation o f 10"* CFU/ml for E. coli and E.faecalis. The
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operational lifetime o f  the photocatalyst was determined to be at least three months without 

any reduction in the bacteria inactivation efficiency.

Inactivation results from the fixed Ti02 catalysts were disappointing in that no marked 

improvement was observed when compared to photolytic inactivation results. This was most 

likely due to the fact that contact time o f  particles with the catalyst was short, as the flowrate 

increased through the narrowed annulus between the insert and the tube wall. Thus while the 

number o f  particles hitting the catalyst surface was high, due to the insert design, the window  

for photo activation to take place was too narrow for this to be effective. Insert #1, which was 

the single large frustum, performed better than insert #2, despite lower levels o f  UV-A  

intensity, which is contrary to the results o f  CFD modelling carried out by Misstear and Gill 

(2012a). This might have been due to the lower flowrate o f  water when it entered the tubes 

with insert #1, due to the wider annulus between insert and tube in the first half o f  the tube 

compared to insert #2. It should also be noted that fouling o f  the catalyst surface was 

observed after a number o f  trials, which may also have impacted the efficacy o f  this method.

Reactivation and Repair

Despite impressive results with suspended catalysts during photocatalytic experiments, they 

performed poorly in terms o f  suppressing reactivation and repair o f  bacteria and significant 

recovery o f  bacteria numbers was observed with all experiments. The findings here are 

therefore different to previous studies on Ti0 2  photocatalytic inactivation, which demonstrated 

suppressed reactivation o f  bacteria (Rincon and Pulgarin, 2004a; Gelover et al., 2006). 

Gelover et al. (2006) suggested that Ti02 treatment has a bactericidal effect, which caused 

irreversible damage, while photolytic treatment has a bacteriostatic effect on bacteria. It 

should be noted that the detection limit was not reached during many trials, although this point 

did not appear to impact recovery, which was just as strong for experiments which reached 

complete inactivation as for those that did not. Recovery following the ZnO and Ru(bpy)3Cl2 

trials was particularly surprising given that the detection limit was reached at the early stages
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of these experiments and so a large cumulative dose was received beyond this point (high UV- 

A levels were also present).

Reactivation levels for most experiments were similar to those obtained during standard 

photolysis o f E. coli in the CPC and PTC. The failure to reach the detection limit in many 

experiments, however, meant that viable cells were present in samples, which would be 

healthy and in a position to replicate, and therefore it is difficult to ascertain the significance 

of the reactivation levels observed. The results obtained for trials which reached the detection 

limit are therefore the most relevant, although no significant difference was observed between 

those and trials which failed to reach complete inactivation. It would be advisable to carry out 

future experiments at lower bacterial concentrations, which would help ensure complete 

inactivation during exposure, and enable the assessment of recovery in cells which had 

received a significant UV-A dose beyond the point of complete inactivation.

Interestingly TiOa inserts appeared to suppress recovery of cells better than other catalysts, 

particularly insert #2. In addition, no significant recovery o f final bacteria levels after 360 

minutes o f treatment was observed after treatment using Ti02 insert #2 in spring water. This 

was despite poor inactivation observed during trials compared to insert #1. It is not clear 

therefore what suppressed reactivation and repair in this case but UV-A levels were slightly 

higher during insert #2 trials compared to insert #1, which may have impacted recovery. 

Spring water was also shown to suppress reactivation during standard photolysis trials and it is 

thought that ions present in the water may have induced a photocatalytic mechanism, which 

prevented significant recovery of cells post-irradiation. However the observations are contrary 

to Wist et al. (2002), who carried out photocatalytic experiments on distilled water and natural 

water samples from a river and found no reactivation of bacteria post-irradiation in distilled 

water but a large increase in culturable cell concentration above the initial bacterial 

concentrations in the natural water samples.

The main point o f interest for bacterial recovery during these trials was the stressed nature 

of the colonies observed, which were significantly smaller and therefore growing at a much
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slower rate than the original bacteria, as discussed in Section 4.2.4. As with photolytic 

treatment. Gram stain analysis of both original and reactivated cells, revealed no apparent 

morphological difference between the cells and propagation o f cells was possible, although the 

propagated cells also produced small colonies. Further study on the pathological nature of 

stressed colonies typical o f reactivated cells observed following photolytic and photocatalytic 

treatment of bacteria during this research is advisable in order to assess the suitability of 

treated water for drinking purposes.

It should be noted that Rincon and Pulgarin (2004) suggested the use of the parameter 

effective disinfection time (EDT), which is the exposure time needed to prevent reactivation or 

repair of bacteria after 24 or 48 hours in the dark post irradiation. It is a measure intended to 

ensure a ‘residual effect’ which inhibits recovery. Due to the fact that most experiments in 

this case did not reach complete inactivation, however, and recovery was observed in all cases, 

EDT was not a useful parameter in this instance.

UV-A Intensity

The examination of UV-A intensity levels revealed interesting results in relation to 

exposure to high levels of UV-A at the beginning of experiments. A large difference in 

activation rate was observed between suspended Ti02 trials, when the UV-A level was an 

average 10 W/m higher at the beginning of experiments, which resulted in immediate fast 

inactivation compared to an initial shoulder region of slow inactivation followed by faster 

inactivation. Significantly this increase was at the higher end o f intensity levels, as levels at 

the beginning of both trials were over 20 W/m^. It showed that the intensity range between 23 

and 32 W/m produced significantly lower inactivation than higher UV-A levels between 36 

and 40 W/m . Furthermore it was observed that high UV-A levels during the second phase of 

inactivation did little to impact the disinfection rate, as intensities over 40 W/m did not 

promote continued fast inactivation for the trial with the initial fast inactivation rate. On the 

contrary, lower UV-A levels between 20 and 30 W/m resulted in a fast second phase of
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inactivation for the lower intensity trial, indicating that a threshold dose (approximately 4.3 

kJ/litre) had been received which allowed fast inactivation to proceed.

Sichel et al. (2007b) showed that solar photocatalytic disinfection did not proportionally 

depend on solar UV intensity, as long as enough photons had been received for disinfection, 

i.e. once a minimum UV dose had been received. Contrary to this, however, Gelover et al. 

(2006) observed that solar intensities over 800 W/m^ were necessary in photocatalytic SOD IS 

experiments to ensure disinfection beyond the detection limit and to prevent post irradiation 

reactivation. This is equivalent to approximately 40 W/m of UV-A radiation in this context. 

Findings from photolytic research also gave mixed reports on the relative importance o f UV-A 

dose and intensity for inactivation (see Section 2.5.3.2). However, Sichel et al. (2007b) 

observed that photolytic disinfection appeared to be more susceptible to changes in solar 

irradiation and required higher minimum solar UV intensity and higher minimum UV dose for 

disinfection than solar photocatalytic disinfection.

The results o f this research indicate that while photocatalytic inactivation can proceed at 

lower UV-A levels, once a threshold dose has been received, high UV-A levels above 35 

W/m^ can promote rapid inactivation of cells, particularly at the beginning of exposure. A 

threshold dose of approximately 4.3 kJ/litre was observed to be necessary to allow inactivation 

of E. coli to proceed using suspended Ti02 (rutile) at intensities lower than 32 W/m^. Higher 

intensities were not observed to inhibit recovery of bacteria for photocatalytic disinfection, as 

was observed by Rincon and Pulgarin (2004a), who found the ‘residual disinfecting effect’ of 

the photocatalytic process observed during the dark period to be dependent on the irradiation 

intensity but not on the dose.

4.4. Photolytic and Photocatalytic Disinfection of Bacteriophages

The morphology and metabolic processes of a virus are different to those of bacterial cells 

and so disinfection processes must attack these microorganisms in other ways. A virus 

contains either RNA or DNA surrounded by a protective coat and, unlike bacteria, viruses
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must infect living host organisms in order to reproduce, as they possess no independent 

metabolic activities. Viruses attach themselves to hosts using a binding site located in their 

protein coat and inject their genetic matter into the cells’ cytoplasm. Reproduction then 

occurs using the host cell’s mechanisms and newly formed viruses will continue on to infect 

other cells. Disinfection methods can attack the binding site of a virus, rendering it unable to 

recognise receptor cells on host cells. Research suggests that the prevention of intracellular 

development is the actual biological mechanism which accounts for most of the deactivation 

in viruses due to UV treatment (Misstear and Gill, 2012b). Viruses tend to have simple, rigid 

structures which make them more difficult to disinfect than bacteria such as E. coli which 

contain many complex systems susceptible to attack (Mamane et a i, 2007).

In order to assess the efficacy of photolytic and photocatalytic treatment of viruses in the 

CPC and PTC reactors, three bacteriophages, PR722, <I)X174 and MS2, were tested during 

research, with properties as outlined in Table 3-2. The host bacteria for PR722, 0X174 and 

MS2 are outlined in Table 3-3. PR772 is an icosahedral, double-stranded DNA bacteriophage, 

which contains a lipid membrane beneath its shell. It is part of the Tectiviridae family of 

bacteriophages, which infect Gram-negative bacteria carrying certain plasmids and their host, 

bacteria include E. coli, S. typhimurium and P. aeruginosa (Lute et a i, 2004). Members of 

Tectiviridae group have been found to be remarkably similar to each other and are similar in 

terms of genome replication, capsid architecture and vertex organization to adenoviruses and
I

so are a good indicator for this type of virus. PR772 is grown on non-pathogenic E. coli, 

which makes it ideal for laboratory testing (Misstear and Gill, 2012b). Phage 0X174 is an 

icosahedral, single-stranded DNA bacteriophage. Its overlapping genes provide efficient 

coding for all of its proteins and overlap due to the small size of the genome. Its DNA 

molecule was the first genome ever to be sequenced (Misstear and Gill, 2012b). Phage MS2 is 

a single-stranded, icosahedral RNA bacteriophage, with overlapping genes like 0X174. There 

is a much larger body of research relating to the photolytic and photocatalytic treatment of this 

phage compared to PR722 and 0X174 and (Mamane et al., 2007) found that MS2 was highly 

resistant to UV treatment.
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4.4.1. Experimental Set-Up

Each bacteriophage was propagated according to the methods outHned in Section 3.3.2. 

Both the CPC and PTC reactors were set up according to the standard method using neutral 

pH, distilled, sterile water. Bacteriophages were tested together and reactors were inoculated
-j

with each type in order to give a minimum starting concentration of 1 x 10 PFU/ml. Samples 

were taken regularly and plated on agar plates with top-agar host bacteria lawns, which were 

prepared according to the method outlined in Section 3.3.2. Plaques were counted and the 

concentration of each sample was then determined in PFU/ml.

4.4.2. Results

Results for both photolytic and photocatalytic treatment o f each bacteriophage in the CPC 

and PTC are presented in this section. Results are an average of the three trials conducted. 

Trials in the dark were also carried out and the results are presented here.

4.4.2.1. Photolytic Treatment of Bacteriophages

Figure 4-80 shows photolytic treatment o f bacteriophages PR772, 0X 174 and MS2 in the 

CPC. PR772 and OX 174 reached the detection limit o f 4 PFU/ml after an average cumulative 

UV-A dose o f 24.44 kJ/litre, while MS2 reached the detection limit at a final average UV-A 

dose o f 35.25 kJ/litre. The detection limit was reached during all trials. The inactivation 

curves for PR772 and MS2 followed a linear decline, while OX 174 followed a linear-tail 

model. The average maximum disinfection coefficients calculated using GlnaFiT for each 

bacteriophage v/ere 0.59 litre/kJ for PR772, 0.67 litre/TcJ for 0X 174 and 0.37 litre/kJ for MS2, 

showing a resistance in the order MS2 > PR772 > 0X174.

Results for the PTC are shown in Figure 4-81. The detection limit was reached for all 

bacteriophages during all trials and PR772 required an average UV-A dose of 40.74 kJ/litre 

for complete inactivation, 0X 174 required 32.58 kJ/litre and MS2 needed an average dose of 

46.99 kJ/litre. Inactivation curves followed shoulder-linear models for PR772 and MS2, while
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<I)X174 followed a linear decline. Average maximum disinfection coefficients calculated 

using GInaFiT for each bacteriophage were 0.34 litre/kJ for PR772, 0.33 litre/kJ for <I)X174 

and 0.24 litre/kJ for MS2, showing a resistance o f MS2 > PR772 > 0X174, similar to that 

observed for CPC. Little difference was evident between the overall disinfection kinetic 

values of MS2 and PR772, however MS2 displayed faster initial inactivation compared to 

PR772 but had a slower final disinfection period. The fact that the first two hours o f the 

experiments were conducted with the sun at an angle to the PTC may explain the shoulder 

region for PR772. Figure 4-82 shows the average UV-A intensity levels for the photolytic 

experiments which were very mixed for all trials with 50% of levels recorded over 30W/m . 

Details of GInaFiT graphs and average maximum disinfection coefficients for bacteriophage 

photolysis are provided in Appendix E.

— phiX174 Ave.

— PR772Ave.

-5
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Cumulative UV-A Dose (kJ/litre)

Figure 4-80 Photolytic treatment of bacteriophages PR772, <PX174 and MS2 in the CPC.
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Figure 4-81 Photolytic treatm ent of bacteriophages PR772, OX174 and MS2 in the PTC.
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Figure 4-82 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for bacteriophage photolytic disinfection in the CPC and PTC.
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Dark Runs

Figures 4-83 and 4-84 show trials carried out in the dark with all bacteriophages in CPC 

and PTC, compared to average inactivation results obtained during photolysis. No significant 

decline in concentration was observed in either of the reactors for PR772, 0X 174 and MS2.

PR772 Dark

ph iX 174D ark

M S2 Dark

op
PR 772E xp.
Ave.
p h ix l7 4  Exp. 
Ave.
MS2 Exp. Ave.

30 60 90 120 1 50 1 80
S am ple Time (m ins)

Figure 4-83 Dark run for bacteriophages PR772, <i>X174 and MS2 in the CPC compared to average] 

photolysis results.
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Figure 4-84 Dark run for bacteriophages PR772, <PX174 and MS2 in the PTC compared to average 

photolysis results.
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Results for photolytic treatment o f bacteriophages in the CPC and PTC are summarised in 

Table 4-11. For a 3-log reduction, the order o f inactivation in terms o f cumulative UV-A dose 

beginning with the fastest inactivation was 0X 174 CPC > PR772 CPC > MS2 CPC > <I>X174 

PTC > PR772 PTC > MS2 PTC, showing that MS2 was the most resistant phage, followed by 

PR772 and 0X174.

Table 4-11 Photolytic treatment of bacteriophages in CPC and PTC (note: values are approximate and 

obtained from interpolating sample results).

1
PR772

CPC

5.706 8.790 12.520 14.587 67 93 128 153 28.09 54

0X 174

CPC

2.711 5.959 10.066 16.674 36 69 104 179 28.09 54

MS2

CPC

5.837 10.479 14.035 21.293 68 108 146 215 28.09 54

PR772

PTC

13.522 18.852 25.557 33.312 105 148 199 245 28.09 54

OXI74

PTC

7.512 13.335 19.628 27.387 67 104 155 209 28.09 54

IVIS2

PTC

11.663 17.909 41.034 44.815 93 139 254 319 28.09 54
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4.4.2.1. Photocatalytic Treatment of Bacteriophages

Figure 4-85 shows the photocatalytic treatment o f  bacteriophages using 2.5 mg/litre o f  

Ru(bpy)3Cl2 in solution in the CPC. The presence o f  Ru(bpy)3Cl2 had a dramatic impact on 

MS2, which reached the detection limit within the first 15 minutes o f  exposure. Ru(bpy)3Cl2 

accelerated inactivation for both PR772 and 0X 174 , which both showed similar initial 

disinfection rates, but 0 X 1 7 4  tapered o ff  somewhat taking longer to reach the detection limit. 

Average maximum disinfection coefficients were calculated as 0.83 litre/kJ for 0 X 1 7 4 , 1.39 

litre/kJ for PR772 and 21.12 litre/kJ for MS2, with 0 X 1 7 4  and MS2 following linear 

inactivation models and PR772 displaying a shoulder-linear curve. (Note: MS2 displayed 

immediate disinfection to the detection limit between 0 and 15 minutes in the CPC and PTC 

and so GInaFiT could not be used to find the model o f  best fit or to calculate the maximum  

disinfection coefficient, as only two data points were available. The disinfection coefficient 

was therefore calculated using Equation 4.1) The disinfection coefficients showed an increase 

compared to photolysis and a change in the order o f  resistance, with OX 174 being the most 

resistant, followed by PR772 and then MS2. The detection limit was reached for all 

bacteriophages during all trials.

Figure 4-86 shows photocatalytic treatment with Ru(bpy)3 Cl2 in the PTC, where again MS2 

reached the detection limit within 15 minutes, while PR772 and 0 X 1 7 4  showed an 

improvement on photolytic inactivation, displaying very similar response curves to each other. 

Average maximum disinfection coefficients were calculated as 0.42 litre/kJ for 0X 174 , 0.62 

litre/kJ for PR772 and 15.84 litre/kJ for MS2 (calculated using Equation 4.1), showing the 

same order o f  resistance to that observed in the CPC. PR772 again showed a shoulder-linear 

decline, while 0 X 1 7 4  and M S2 followed linear inactivation. The detection limit was reached 

for all bacteriophages during all trials. The average U V -A  levels for Ru(bpy)3Cl2 

photocatalytic trials are shown in Figure 4-87, with low intensities experience for all trials and 

only 3% o f  UV-A levels recorded above 25 W/m^.
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Figure 4-85 Photocatalytic trea tm en t of bacteriophages PR772, 0X 174 and IVIS2 in the CPC using 

Ru(bpy)3 Cl2 in solution.
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Figure 4-86 Photocatalytic trea tm en t of bacteriophages PR772, 0X 174 and MS2 in the PTC using 

Ru(bpy)3 Cl2 in solution.
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Figure 4-87 (a) Frequency o f occurrence o f  UV-A intensity and (b) cum ulative frequency o f UV-A  

intensity for bacteriophage photocatalytic disinfection using Ru(bpy)3 C l2 in tlie CPC and PTC.

Dark runs for bacteriophages and Ru(bpy)3Cl2 in both reactors are outlined in Figures 4-88  

and 4-89, with no significant decline in concentrations observed over 90 minutes.
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Figure 4-88 Darlt run o f  bacteriophages PR772, <I>X174 and MS2 in the CPC using Ru(bpy)3 Cl2 in 

solution com pared to average photocatalytic results for Ru(bpy)]Cl2 .
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Figure 4-89 Dark run o f bacteriophages PR772, 0 X 1 7 4  and MS2 in the PTC using Ru(bpy)3C l2 in 

solution com pared to average photocatalytic results for Ru(bpy)3C l2.

Inactivation curves for the fixed Ti02 inserts are shown in Figures 4-90 and 4-91. 

Disinfection with insert #1, the single large conical frusta, displayed similar initial responses 

from all bacteriophages but 0X174 tailed off slightly after the first 90 minutes. PR772 

reached the detection limit at an average cumulative UV-A dose o f 21.89 kJ/litre, but neither 

C>X174 nor MS2 reached the detection limit during trials. At the final cumulative UV-A dose 

o f 27.04 kJ/litre, the average concentration of 0X174 and MS2 was 150 PFU/ml. Average 

maximum disinfection coefficients for the trials were 0.54 litre/kJ for PR772, 0.51 litre/kJ for 

MS2 and 0.35 litre/kJ for 0X174, showing a different order of resistance to that observed 

during photolytic trials, where MS2 was the most resistant phage. All curves followed linear 

models.

The response curve for insert #2, five small consecutive frusta, displayed an initial shoulder 

region for PR772 and 0X174 but MS2 responded immediately to exposure. PR772 reached 

the detection limit at an average UV-A dose of 30.19 kJ/litre and MS2 at the final average 

UV-A dose of 36.29 kJ/litre but 0X174 did not reach the detection limit during trials with an 

average final concentration o f 200 PFU/ml. The average maximum disinfection coefficient
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for PR772 was 0.58 litre/kJ and values were 0.51 litre/kJ for MS2 and 0.36 litre/kJ for OX 174, 

which were very similar to the values calculated for insert #1 trials. PR772 and 0X174 

followed shoulder-linear curves, while MS2 followed a linear-tail inactivation model.

PR772 Ave.

phi X174 Ave.

MS2 Ave.

20 30

C um ulative UV-A D ose (kJ/litre)

Figure 4-90 Treatment of bacteriophages PR772, <I>X174 and MS2 in the CPC for fixed TiO^ insert #1.
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Figure 4-91 Treatment of bacteriophages PR772, <&X174 and MS2 in the CPC for fixed TiO: insert #2.
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The average UV-A levels for insert trials are shown in Figures 4-92 and 4-93. Recorded
•y

intensities were generally low for insert #1 with only 25% o f UV-A levels above 25W/m , 

while UV-A levels for insert #2 trials were slightly higher, with 39% o f UV-A above 25 

W /m l
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UV-A In te n s ity  (W /m ^)UV-A In tensity  (W /m ^)

(a) (b)

Figure 4-92 (a) Frequency of occurrence of UV-A intensity and (b) cum ulative frequency of UV-A 

intensity for bacteriophage photocatalytic disinfection using insert #1 in the CPC.
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Figure 4-93 (a) Frequency of occurrence of UV-A Intensity and (b) cum ulative frequency of UV-A 

intensity for bacteriophage photocatalytic disinfection using insert #2 in the CPC  and PTC.
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Figure 4-94 shows dark run results for insert #1 with bacteriophages and no significant 

inactivation was evident during recirculation for 120 minutes.
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Figure 4-94 Dark run with fixed TiOj insert #1 for bacteriophages PR772, <I>X174 and MS2 in the CPC.

Photocatalytic results for the CPC are summarised in Table 4-12 and results for 

Ru(bpy)3Cl2 in the PTC are presented in Table 4-13. Photolytic results are included for 

comparison. Details o f  GInaFiT graphs and average maximum disinfection coefficients for 

bacteriophage photocatalysis are provided in Appendix E.

In the CPC, Ru(bpy)3Cl2 experiments gave the fastest inactivation rates in terms o f  

cumulative UV-A dose and time and MS2 was observed to be the most susceptible phage 

followed by PR7722, with <5X174 being the most resistant, hisert #1 gave the next best 

results in terms o f  cumulative dose and for a 3 -log reduction, PR772 and MS2 were the most 

easily inactivated with similar cumulative dose values followed by 0 X 1 7 4 . Insert #2 gave the 

slowest inactivation rates in terms o f  cumulative dose and for a 3 -log reduction inactivation 

was in the order MS2 > PR772 > 0 X 1 7 4 . Insert #2 actually gave faster inactivation than 

insert #1 in terms o f  time but UV -A levels were higher during insert #2 trials. In general, the 

fixed Ti02 inserts gave slower inactivation than photolytic trials in the CPC in all cases, 

except for insert #1 which gave more efficient results in terms o f  cumulative dose for MS2.
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In the PTC, PR772 and <1>X174 show ed sim ilar inactivation rates for R u(bpy)3C l2 

experim ents, w hile M S2 was rapidly inactivated, as w as observed in the CPC. All 

bacteriophages w ere inactivated faster with R u(bpy)3C l2 than w as observed during photolytic 

trials.

Table 4-12 Photocatalytic treatment of bacteriophages in the CPC.

PR772 + 
Ru(bpy)3Clj

2.607 4.1923 6.803 8.070 55 84 129 149 15.1 3

0X 174 + 
Ru(bpy)3Clz

2.565 4.864 9.942 11.648 53 95 180 216 15.1 3

MS2 + 
Ra(bpy)jCl!

<0.559 < 0.559 < 0.559 < 0.559 < 15 < 15 < 15 < 15 15.1 3

PR772 + 
Insert #1

5.69 9.47 13.18 16.83 110 161 202 238 18.8 25

a>X174 + 
Insert #1

5.18 11.26 20.49 27.04
(3.41og)

102 183 283 360
(3.41og)

18.8 25

MS2 + 
Insert #1

3.96 7.98 13.47 18..36 79 141 205 256 18.8 25

PR772 + 
Insert #2

9.89 15.27 ’.9.39 22.28 106 155 193 222 25.3 39

<I)X174 + 
Insert #2

14.59 23.73 28.122 31.751
(3.81og)

149 238 280 360
(3.8log)

25.3 39

MS2 + 
Insert #2

5.68 10.60 15.9 19.93 68 113 160 198 25.3 39
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PR772
Photolysis

5.706 8.790 12.520 14.587 67 93 128 153 28.09 54

<I>X174
Photolysis

2.711 5.959 10.066 16.674 36 69 104 179 28.09 54

MS2
Photolysis

5.837 10.479 14.035 21.293 68 108 146 215 28.09 54

Table 4-13 Photocatalytic treatm ent of bacteriophages with Ru(bpy)3 Cl2 in the PTC.

PR772 + 
R u(bpy)jC l2

7.625 11.485 17.297 19.210 110 158 244 286 15.1 3

<I>X174 + 
Ru(bpy)3CI:

6.293 10.061 17.674 20.553 92 141 253 311 15.1 3

MS2 + 
Ru(bpy)3Cl2

< 0.747 < 0.747 < 0.747 < 0.747 < 15 < 15 < 15 < 15 15.1 3

PR772
Photolysis

13.522 18.852 25.557 33.312 105 148 199 245 28.09 54

a>X174
Photolysis

7.512 13.335 19.628 27.387 67 104 155 209 28.09 54

MS2
Photolysis

11.663 17.909 41.034 44.815 93 139 254 319 28.09 54
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4.4.3. Discussion of Resuits

Photolytic treatment in both reactors showed MS2 to be the most resistant bacteriophage. 

This agrees with the findings o f Mamane et al. (2007) who observed that MS2 was highly 

resistant to UV treatment, with no disinfection occurring when treated with filtered UV of  

wavelengths greater than 295nm. Sommer et al. (2001) compared the response o f MS2, 

0X 174 and B40-8 to UV-C treatment (at 253.7 nm) and also found MS2 to be the most 

resistant phage. The inactivation kinetics followed a first order reaction and they proposed 

that sensitivity to treatment was due to a combination o f factors including size and type o f  

virion as well as type o f nucleic acid. Meng and Gerba (1996) carried out tests on another 

similar double-stranded DNA bacteriophage to PR772, PRDl, which was found to be 2-3  

times less resistant to UV treatment than MS2. Comparison o f the PR772 nucleotide sequence 

with the genome o f PRDl revealed 97.2% identity at the DNA level (Lute et a l ,  2004).

The experimental results differed to the observations o f Misstear and Gill (2012b), 

however, who observed that PR722 was more resistant to both UV and solar photolytic 

treatment than 0X 174 and MS2, although they found a large improvement in disinfection 

results for solar photolysis when compared to UV treatment. They also found that MS2 was 

less resistant to UV treatment compared to solar treatment and that inactivation rates for solar 

treatment o f  MS2 gave similar results to 0X 174 and PR722.

Introduction o f Ru(bpy)3Cl2 was observed to significantly improve inactivation rates for 

PR772 and 0X 174 in both reactors and resulted in complete removal o f MS2 within the first 

15 minutes o f treatment. Since the mechanism o f Ru(bpy)3Cl2 inactivation involves the 

production o f singlet oxygen and related reactive oxygen species, MS2 must be highly 

sensitive to these while PR772 and 0X 174 seem to be more resistant, although inactivation o f 

both was improved when compared to photolysis. Hotze et al. (2009) also found MS2 to be 

readily inactivated by singlet oxygen, with disinfection occurring three times faster than with 

UV-A treatment alone. They also found that MS2 was more sensitive to singlet oxygen than 

PRDl phage, which as stated previously is very similar to PR772. Contrary to the findings o f
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this research, however, Hotze et al. found MS2 to be more sensitive than PRDl to UV -A  

treatment alone.

The presence o f  fixed titanium dioxide inserts did not appear to improve bacteriophage 

inactivation and gave slower results than observed with photolytic treatment. Insert #1 

showed better results than insert #2 in terms o f  cumulative dose, as was observed with 

bacterial inactivation, and average cumulative doses o f  13.2, 20.5 and 13.5 litre/kJ were 

required for a 3-log reduction o f  PR772, 0 X 1 7 4  and MS2 respectively with insert #1. This 

compared to 12.5, 10.1 and 14.0 litre/kJ for a 3-log reduction during photolytic treatment o f  

PR772, 0 X 1 7 4  and MS2 respectively. Efficiencies o f  inactivation in terms o f  cumulative 

dose were therefore very similar for photolytic and photocatalytic treatment o f  PR772 and 

MS2 but photocatalytic inactivation was considerably less efficient than photolytic treatment 

for 0 X 1 7 4 . In terms o f  time, a 3-log reduction using insert #1 took 202, 283 and 205 minutes 

for PR772, 0 X 1 7 4  and MS2 respectively, compared to just 128, 104 and 146 minutes during 

photolysis, which was considerably slower. The results are contrary to the findings o f  

Koizumi and Taya (2002), who examined the photocatalytic inactivation o f  MS2 in T i02  

suspensions under varied conditions o f  average light intensities and T i02 concentrations. It 

was observed that significant inactivation o f  the bacteriophage occurred only in the presence 

o f  Ti0 2  and light, with linear decrease in bacteriophage concentration as illumination time 

increased. They also varied the concentration o f  Ti02 and discovered an approximately linear 

relation between catalyst concentration and disinfection rate up to a saturation value. Misstear 

and Gill (2012b) also observed that the presence o f  T i02 significantly improved solar 

inactivation o f  MS2 compared to standard photolytic treatment. Sato and Taya (2006) 

investigated the effect o f  different crystalline structures o f  TiOa on the disinfection o f  M S2 

and found that an anatase:rutile ratio o f  70% (by weight) was the most efficient.

In terms o f  PR772 inactivation, Davies et al. (2009) carried out photolytic and 

photocatalytic tests on a similar somatic double-stranded bacteriophage to PR772, P22, and 

the introduction o f  fixed or suspended Ti02 did not improve disinfection. This is in agreement 

with the findings o f  these trials, where the disinfection coefficient o f  PR772 was 0.59 litre/kJ
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for photolysis, which was very similar to rates o f  0.54 litre/kJ for insert #1 and 0.58 litre/kJ for 

insert #2.

The effects o f  disinfection due to hydroxyl radicals was examined by Mamane et al. 

(2007), who found that introduction o f  H2 O2 made M S2 more sensitive to photolytic treatment. 

They concluded, however, that disinfection due to hydroxyl radicals was generally small 

compared to that due to UV irradiation, although for viruses some oxidative enhancements 

could improve disinfection efficiency. Research by Sjogren and Sierka (1994) also suggested  

that the presence o f  hydroxyl radicals improves MS2 disinfection. They showed that near-UV  

photocatalytic disinfection o f  M S2 in aqueous titanium dioxide suspensions was improved 

from 90% to 99.9% inactivation by the addition o f  ferrous sulphate, which allowed the Fenton 

reaction to take place and it was concluded that disinfection was due to hydroxyl radical 

oxidation, with Fenton reaction enhancement. A  similar result was found by Cho et al. (2005) 

in tests which introduced Fe^  ̂ ions to photocatalytic treatment o f  MS2 and E. coli, under UV  

light (300-420  nm). They also performed experiments in which hydroxyl radical scavengers, 

tert-butanol and methanol were added to illuminated Ti0 2  suspensions containing the 

microorganisms. In the absence o f  tert-butanol and methanol, MS2 was shown to be far more 

resistant to photocatalytic disinfection than E. coli, with 0.95 and 2 .25-log inactivations, 

respectively, after 120 min o f  illumination. Disinfection followed first-order kinetics. When 

the scavengers were introduced, no inactivation o f  MS2 was observed, although some 

inactivation o f  E. co li still occurred. They concluded that MS2 is inactivated by only the bulk 

phase hydroxyl radicals and adsorption o f  MS2 onto T i02 particles is inhibited by electrostatic 

repulsion between the two.

The differences in response curve for the CPC and PTC were not as pronounced as for 

photolytic and photocatalytic treatment o f  bacteria and photolytic treatment reached the 

detection limit for all bacteriophages during all trials in both reactors. Ru(bpy)3Cl2 trials in 

the PTC showed a similar response for M S2 with rapid inactivation but PR772 and <1)X174 did 

not reach the detection limit unlike in the CPC. The U V -A  intensities were very low for 

Ru(bpy)3Cl2 experiments, however, which would have had a bigger impact on PTC
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performance than the CPC due to the inability o f  the PTC to utilise diffuse radiation 

effectively.

In terms o f  U V -A  intensities, experiments using Ru(bpy)3Cl2 showed improved results on 

photolysis despite very low U V -A  levels during trials, with most levels recorded below  20 

W/m^. In addition, insert #1 showed significantly better results in terms o f  cumulative dose 

than insert #2 despite lower average U V -A  intensities during insert #1 trials. However, all 

insert trials experienced som e periods o f  high intensity U V -A  above 30 W/m^, which certainly 

facilitated inactivation. In general it appeared that bacteriophage inactivation was less 

sensitive to changes in UV-A levels than bacterial inactivation.

4.5. Conclusions

The test group o f  bacteria which were photolytically treated in the CPC showed no clear 

pattern between Gram-positive and Gram-negative bacteria in terms o f  their response to 

treatment. The majority o f  bacteria reached a 3-log reduction after receiving cumulative UV- 

A doses o f  between 24.6 and 2.3 kJ/litre and doses under 12 kJ/litre were sufficient for many 

o f  the bacteria to reach a 3-log reduction. Ubomba-Jaswa et al. (2009) proposed a minimum  

UV-A dose o f  9 kJ/litre to achieve a 6-log reduction o f  E. coli in a batch system and so this 

would suggest that higher doses per litre are required in the continuous flow  system in order to 

achieve the same level o f  inactivation. This however may be due to the conservative nature o f  

the cumulative dose estimation for recirculating systems and the correction to this estimate 

considered in Section 4.2.3.5 brings the required cumulative doses closer to the estimate o f  

Ubomba-Jaswa et al. at 10 kJ/litre for a 4-log reduction o f  E. coli in the CPC and less than 5 

kJ/litre for a 3-log reduction, which may be more appropriate values for the once-through 

continuous flow  system. A 3-log reduction would be sufficient in most cases to reduce 

contaminated water from poor quality to good quality drinking water i.e. from approximately 

1,000 CFU/100m l o f  E. coli to less than 1 CPU/100ml for example. To this end it would be 

advisable to carry out fiiture trials with lower concentrations o f  bacteria, since 1 x lO^CFU/ml
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is far more concentrated than a natural water scenario, which would typically be around 1,000 

CFU/100ml in a highly contaminated environment.

No obvious difference between treatment o f E. coli in spring water and distilled water was 

observed, which was surprising given the added pressure o f osmotic stress on cells in distilled 

water. In addition, spring water appeared to suppress the reactivation of bacteria post

irradiation, the reason for which is unclear but may be due to ions present in the water 

inducing a photocatalytic effect.

Suspended catalysts performed better than fixed Ti02 inserts and results from ZnO and 

Ru(bpy)3Cl2 were better than those achieved with rutile Ti0 2 , as expected, due to the lower 

reactivity o f this phase o f TiOi compared to anatase. The instability associated with ZnO and 

ruthenium complexes in the longer term, however, as well as the high cost of ruthenium 

suggests that Ti0 2  (with high anatase content) is still the most practical choice as a 

photocatalyst. Further research on immobilised options for ruthenium is recommended, 

however, given the aggressive impact it had on bacteria and bacteriophages and the significant 

improvement it made to both ZnO and Ti02 photocatalytic inactivation.

None of the suspended catalysts suppressed reactivation and repair o f bacteria and no 

significant difference was observed between reactivation levels obtained following 

photocatalytic and photolytic treatment, even in cases where the detection limit was reached. 

Despite poor performance during inactivation, however, the fixed Ti02 catalysts appeared to 

repress recovery better than the suspended catalysts. Further research on reactivation and 

reoair is recommended, particularly in terms of recovery after the detection limit is reached 

and also on the pathological nature of cells which reactivate and their viability in the long 

term. This is a vital element o f determining the suitability of water treated using the 

continuous flow system for drinking water purposes.

MS2 was found to be the most resistant bacteriophage to photolysis but it was also the most 

susceptible bacteriophage to photocatalytic treatment with Ru(bpy)3Cl2 and fixed Ti0 2  inserts.
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Ru(bpy)3Cl2 improved inactivation o f a ll  bacteriophages but had very rapid im pact on 

compared to 0X 174 and PR772. TiOa insert #1 improved MS2 inactivation slightly b 

resulted in slower inactivation for 0X 174 and PR772. The impact o f photocatalysis comparê  

to photolysis on bacteriophages is therefore unclear and further investigation into th 

mechanism of inactivation in bacteriophages for both methods would be worthwhile. Sonunef 

et al. (2001) advised that a variety o f virus strains should be used when investigating the 

disinfection o f viruses, as the pattern o f susceptibility to UV treatment is not yet clear, which 

is supported by the fmdings o f this research.

The PTC performed well given its lower illuminated pipe area compared to the CPC but it 

is recommended that treatment is started when the reactor is facing the sun in order to ensure 

high levels o f UV-A are received at the beginning o f exposure. This would prevent a lag 

period at the start o f treatment, where low doses o f UV-A are being received, which might 

result in cell resistance to UV-A as treatment proceeds.

Finally the issue o f UV-A intensity showed that both photolytic and photocatalytic 

inactivation o f bacteria can proceed at low UV-A levels once a threshold dose has been
ly  ̂ ^

achieved but intensities greater than 25 W/m for photolysis and 35 W/m for Ti02 

photocatalyis can result in significantly more efficient inactivation than intensities below these 

levels. In addition, high intensities at the beginning o f exposure can prevent a shoulder region 

of slow inactivation for some bacteria types but for others a threshold dose is required to allow 

fast inactivation to proceed despite high UV-A levels. It was found that a threshold UV-A 

dose o f approximately 4.5 kJ/litre was sufficient at lower UV-A levels to allow photolytic and 

inactivation o f E. coli and S. entereditis to proceed. The impact o f UV-A levels on 

reactivation of bacteria was inconclusive, as high recovery was observed following trials with 

high UV-A levels which had reached the detection limit for both photolytic and photocatalytic 

experiments.
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Chapter 5 - Stroboscopic Effects and Arsenic Removal 

5.1. StroboscopicMechanisni

The introduction of stroboscopic light mechanisms into a continuous flow solar disinfection 

system has previously been investigated by McLoughlin et al. (2004b) and Misstear et al. 

(2013), as discussed in Section 2.5.3.2. This was achieved by darkening sections o f the 

reactor tubing at various intervals and thereby exposing microorganisms to intermittent pulses 

o f light. Misstear et al. examined eleven different stroboscopic light regimes in a bench scale 

system and the five most promising of these, shown in Figure 5-1, were chosen to be tested 

during this research in the fiill scale compound parabolic collector (CPC) and parabolic trough 

collector (PTC) in order to assess the impacts on inactivation efficiencies on a larger scale 

than previously tested.

»2

#3

#4
1 1 1 1 1

«5

Figure 5-1 Stroboscopic regimes.

Photolytic and photocatalytic tests were carried out on bacteria and bacteriophages using 

the five stroboscopic regimes, which introduced different overall irradiated areas to the reactor
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systems and exposed microorganisms to pulsing light patterns of varying frequency. The 

details of the regimes used in the CPC and PTC, including number of openings per tube, time 

under illumination, equivalent number of pipes under illumination, illuminated area, and flash 

frequency are shown in Tables 5-1 and 5-2. The stroboscopic regimes ranged from frequent 

short pulses of light to longer periods of light exposure with few areas of blackout. The 

number of light openings ranged from 18 to 3, with irradiated absorber areas ranging from

0.780 m^ to 1.676 m  ̂ in the CPC (standard absorber area was 2.168 m^) and 0.376 m^ to
2 2 0.824 m in the PTC (standard absorber area was 1.084 m ). Differences in values between

Tables 5-1 and 5-2 are due to the reduced number of tubes in the PTC compared to the CPC

(five compared to ten tubes) and the slightly different flowrates maintained in the reactors, 9.6

litre/min in the CPC and 10.4 lifre/min in the PTC, in addition to any slight discrepancies

between illuminated tube lengths. Design details of the CPC and PTC are given in Section

3.2.3.

E. coli and bacteriophages PR772, 0X174 and MS2 were tested photolytically in both 

reactors and E. coli was tested using the most promising stroboscopic regime combined with 

Ti02 fixed inserts. The two fixed catalyst inserts used during testing are described in Section 

3.2.4.2. Insert #1 consisted of one large conical frustum and insert #2 consisted of five small 

connected frusta.
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Table 5-1 CPC stroboscopic regimes.

#1 3 77.1 7.7 2.6 30.9 50 5 1.168 1.055 7.20

#2 6 77.1 7.7 1.3 30.9 50 5 1.168 1.055 14.40

#3 18 57.1 5.7 0.3 22.8 36.9 4 0.864 0.780 43.20

#4 6 122.6 12.3 2.0 49.0 79.5 8 1.856 1,676 14.40

#5 18 91.9 9.2 0.5 36.8 59.6 6 1.392 1.257 43.20

No regime 1 154.3 15.4 15.4 57 100 10 2.32 2.168 2.40
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Table 5-2 PTC stroboscopic regimes.

#1 3 34.6 6.9 2.3 20.0 50 2.5 1.136 0.513 5.20

#2 6 34.6 6.9 1.2 20.0 50 2.5 1.136 0.513 10.40

#3 18 25.4 5.1 0.3 14.7 36.6 2 0.832 0.376 31.21

#4 6 55.6 11.1 1.9 32.1 80.3 4 1.824 0.824 10.40

#5 18 41.5 8.3 0.5 23.9 59.9 3 1.36 0.614 31.21

No regim e 1 69.3 13.9 13.9 38 100 5 2.32 1.084 1.73
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5.1.1. Experimental Set-Up

The CPC and PTC were set-up outside as described in Section 3.3.3.2. Pieces o f  black card 

were cut to the required measurements for each stroboscopic regime, as outlined in Figure 5-1, 

and placed around the glass tubes in order to block out the sun. E. coli was tested in sterile, 

distilled water in photolytic experiments lasting 6 hours, between 10am and 4pm. Samples 

were taken at regular intervals and were plated as per the standard method outlined in Section 

3.3.1 and bacterial concentration determined in CFU/ml.

In order to assess reactivation and repair o f bacteria following treatment, all experimental 

samples were placed in a dark incubator at 37°C for 24 and 48 hours and samples were re

plated after the 24 and 48-hour periods. The samples were then enumerated and results were 

compared with the original samples taken on the day o f the experiment in order to assess 

reactivation levels.

For bacteriophage photolytic tests, each bacteriophage was propagated according to the 

methods outlined in Section 3.3.2. Bacteriophages were tested together and reactors were 

inoculated with each type in order to give a minimum starting concentration o f  1 x 10  ̂

PFU/ml. Samples were taken regularly and plated on agar plates with top-agar host bacteria 

lawns, which were prepared according to the method outlined in Section 3.3.2. Plaques were 

counted and the concentration o f each sample was then determined in PFU/ml.

For tests on E. coli using Ti02 inserts, five inserts were placed in every second tube as 

described in Section 4.3.2 and experiments were carried out as usual, including tests for 

reactivation and repair. These trials combined both photocatalytic and photolytic mechanisms.

The cumulative UV-A dose, Quv, and the disinfection coefficient, k, were calculated for 

experiments using Equations 4-1 and 4-2. Inactivation curves were also analysed using 

GInaFiT software described in Section 3.3.3.9. The irradiated area in the case o f  stroboscopic 

experiments was calculated as the illuminated absorber area plus the reflector area surrounding
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the illuminated section of pipe. Darkened sections of pipe and the reflector areas around these 

were excluded from the total irradiated area, as shown in Figure 5-2.

Reflector a rea  a sso c ia ted  with 
darkened section of pipe 
excluded from total irradiated 
area

Irradiated area  includes 
illuminated pipe and 
surrounding reflector 
area

Figure 5-2 Irradiated area for cumulative dose calculations.

5.1.2. Results

The average results obtained for each stroboscopic regime are presented here for the 

inactivation of E. coli and bacteriophages in the CPC and PTC. Horizontal and vertical error 

bars are included in graphs to show experimental variation between the three trials conducted 

for each regime.

5.1.2.1. Photolytic Treatment of E. coli

Regime #1:

The average results obtained for photolysis using stroboscopic light regime #1 in the CPC 

are shown in Figure 5-3, which also includes the average results obtained for standard 

photolysis of E. coli for comparison. A clear initial shoulder region was evident with the 

introduction of dark periods, when compared to standard photolysis, but a steeper disinfection 

curve was observed beyond this region. The detection limit was not reached during the 

stroboscopic experiments and concentrations dropped from an average initial concentration of
7 "I

1.25 X 10 CFU/ml to an average final concentration of 1 x 10 CFU/ml, following an average 

cumulative UV-A dose of 26.48 kJ/litre. Horizontal error bars show significant differences in
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UV-A levels and cumulative dose between trials. However, the small vertical error bars 

towards the end o f experiments show that this variation did not significantly impact overall 

inactivation levels.

-0.5

Strob. #1 
Ave.

Photolysis
Ave.

-4.5

40

C um ulative UV-A Dose (kJ/litre)

Figure 5-3 Photolytic treatment of E. coli using stroboscopic regime #1 in the CPC.

Similar results were observed in the PTC, which again showed a shoulder region followed 

by a steeper inactivation curve than photolysis, as can be seen in Figure 5-4. The shoulder 

region during photolysis was typical of experiments carried out in the PTC and was due to the 

design of the reactor, which only utilised direct sunlight when the reactor was facing the sun 

during hours around the midday period (see Section 3.2.3.2 for more detail on PTC design). 

An average final concentration o f 1 x lO'’ CFU/ml was observed in the PTC following an 

average final cumulative UV-A dose of 17.36 kJ/litre, which was equivalent to a 3-log 

reduction. Again, as for the CPC, large horizontal error bars show variations in UV-A levels 

during trials resulting in different overall cumulative doses. These did not significantly impact 

overall inactivation levels, however, as can be seen from the small vertical error bars.
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- 1.5

Strob. #1 
Ave.

Photolysis
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- 4.5

Cumulative UV-A D ose (kJ/litre)

Figure 5-4 Photolytic treatment of E. coli using stroboscopic regime #1 in the PTC.

Examination of UV-A intensities for regime #1 experiments in the CPC and PTC compared 

to photolytic experiments (Figures 5-5 and 5-6 respectively) shows that conditions for 

photolytic experiments were slightly better compared to the stroboscopic trials. 47% of 

intensities recorded were over 30 W/m^ for photolytic trials in the CPC and 52% during trials 

in the PTC. This compares to 31% above 30 W/m^ for regime #1 trials in both reactors.
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0 5 10 15 20 25 30 35 40 45 50 55
UV-A Intensity  (W /m ^)UV-A Intensity  (W /m^)

(a) (b)

Figure 5-5 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the CPC: ■ Stroboscopic regime #1, » Photolysis.

0 5 10 15 20 25 30 35 40 45 50 55
UV-A In tensity  (W /m ^)UV-A Intensity  (W /m^)

(a) (b)

Figure 5-6 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the PTC: ■ Stroboscopic regime #1, ■ Photolysis.
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#2   _ _ _ _
Regime #2: *  ■ ■  B IH  ■ ■ ■

The CPC results for regime #2 are shown in Figure 5-7 and show a steeper inactivation 

curve (with no initial shoulder region) when compared to standard photolysis of E. coli before 

tailing off. An average 4-log reduction was achieved following a final average cumulative 

UV-A dose of 26.79 kJ/litre but the detection limit was not reached during any trials, with an 

average final concentration of 70 CFU/ml following 6 hours of exposure. This compares to an 

average 5-log reduction achieved during standard photolytic experiments, with an average 

total cumulative dose 10 kJ/litre higher than that received during trials with this stroboscopic 

regime. Small horizontal error bars show consistently high UV-A levels for regime #2 trials 

which may account for the steeper inactivation curve compared to photolysis, while vertical 

error bars reflect slight differences in starting concentrations between trials.

-0 .5

-1 .5

Strob. #2 
Ave.

-2 .5

Photolysis
Ave.-3 .5

-4 .5

Cum ulative UV-A D ose (kJ/litre)

Figure 5-7 Photolytic treatment of E. coli using stroboscopic regime #2 in the CPC.

The results for PTC trials are shown in Figure 5-8 and display a shorter shoulder region 

when compared to photolysis. The inactivation curve was similar to standard photolysis up to
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“I

a 2.4-log reduction but tailed off after this point. An average final concentration o f 2 x 10 

CFU/ml, equivalent to a 3.3-log reduction was observed following an average cumulative UV- 

A dose of 35.73 CFU/ml. This was less than the average 4.5-log reduction reached during 

photolytic trials, where the average final cumulative dose was 52.75 kJ/litre.

-0.5

-1.5

z  -2.5
Strob. #2 
Ave.

Photolysis
Ave.

-4.5

Cumulative UV-A Dose (kJ/litre)

Figure 5-8 Photolytic treatment of E. coli using stroboscopic regime #2 in the PTC.

Figures 5-9 and 5-10 show that UV-A levels were very high during regime #2 trials with all 

levels recorded over 20 W/m^ and 300 minutes spent at levels over 30 W/m^. Intensities were 

significantly higher than those for photolytic trials in both the CPC and PTC.
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Figure 5-9 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the CPC: ■ Stroboscopic regime #2, ■ Photolysis.
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Figure 5-10 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the PTC: ■ Stroboscopic regime #2, ■ Photolysis.
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#3

Regime #3:

Regime #3 used the lowest irradiation area of all regimes tested and Figure 5-11 shows 

results obtained in the CPC. Again the stroboscopic regime showed a steeper curve than 

photolysis and an average final log reduction of 4.3 was reached after 6 hours of exposure, 

which was equivalent to an average cumulative dose of just 9.45 kJ/litre. This was 

approximately one quarter o f the total dose received during photolytic experiments, where the 

final average log reduction was 4.6. The detection limit was not reached in all trials with an 

average final concentration of 260 CFU/ml. (Note; one trial reached the detection limit within 

360 minutes.)
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Figure 5-11 Photolytic treatment of E. coH using stroboscopic regime #3 in the CPC.

The PTC showed similar results with an average 4-log reduction achieved following an 

average total cumulative dose of 12.60 kJ/litre (Figure 5*12). This was less than one quarter 

of the total dose received during standard photolysis but an average 5-log reduction was 

achieved during 6 hours of photolysis. The detection limit was reached during one
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stroboscopic trial only and the final average E. coli concentration in the PTC was 280 

CFU/ml.

Strob. #3-2.5

Photolysis
Ave.-3.5

-4.5

Cum ulative UV-A Dose (kJ/litre)

Figure 5-12 Photolytic treatment of E. coli using stroboscopic regime #3 in PTC.

Figures 5-13 and 5-14 show mixed average UV-A levels during trials with 31% of levels 

recorded over 30 W/m^ and 135 minutes spent at levels under 20 W/m^. Levels were slightly 

lower than those for photolytic trials.
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Figure 5-13 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E, coli disinfection in the CPC; ■ Stroboscopic regime #3, m Photolysis.
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Figure 5-14 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the PTC: ■ Stroboscopic regime #3, ■ Photolysis.
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M____________________ ___________ ___________  __  _______
Regime #4: ------------------------ *  * — " — —  *  - —   -* ----------------------

Regime #4 used the highest irradiated area of ail regimes and results for the CPC are shown 

in Figure 5-15. The disinfection curve followed a similar course to the photolytic experiment 

initially but gradually became steeper until the detection limit was reached at an average 

cumulative dose o f 17.45 kJ/litre after 180 minutes of exposure. The average final log 

reduction was 6.3, which was higher than that reached during standard photolysis, where the 

average final concentration was 200 CFU/ml following a total dose of 36.39 kJ/litre.

Strob. #4 
Ave.

Photolysis

D 15 20 25 30 35 40 45

Cumulative UV-A Dose (kJ/litre)

Figure 5-15 Photolytic treatment of E. coli using stroboscopic regime #4 in the CPC.

Results obtained with the PTC, shown in Figure 5-16, displayed the typical shoulder region 

of the PTC but reached a higher final log reduction than standard photolysis with an average 

5-log reduction following a cumulative UV-A dose of 43.95 kJ/litre, which was about 10 

kJ/litre less than the total dose received during photolytic experiments. The detection limit 

was reached during one PTC trial but all CPC trials reached the detection limit.
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Figure 5-16 Photolytic treatment of E. coli using stroboscopic regime #4 in the PTC.

UV-A levels for regime #4 trials were very high with 89% o f levels over 30 W/m^ and no 

levels recorded below 20 W/m^, as shown in Figures 5-17 and 5-18. Over 200 minutes o f 

experimental time was spent at UV-A intensities above 40 W/m^.

239



Stroboscopic Ejfects and Arsenic Removal

^  160
I

I  140 I

t  120 ■

t  100 -

g  80 +-- 

60 .....

40

2 20

0
o o i n o u ^ o i o o u ^
t H * H r H r s t f N f O r O ^ ^
6 u h ( i i A 6 u i 6 i A 6

rH  r-4 IN  (N m  r o

UV-A Intensity  (W /m ^)

3
E
3U

100
90
80
70
60
50
40
30
20
10
0

5 10 15 20 25 30 35 40 45 50 55 

UV-A Intensity (W/m^)

(a) (b)

Figure 5-17 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the CPC: ■ Stroboscopic regime #4, £ Photolysis.
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Figure 5-18 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the PTC: ■ Stroboscopic regime #4, ■ Photolysis.
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«S
Regime #5: *  ■ *  ^  h

Results for regime #5 in the CPC are shown in Figure 5-19 and very slow inactivation was 

observed initially with a large shoulder area. This was followed by a steeper curve and a final 

average log reduction o f 3.2 was reached following an average final UV-A dose of 14.8 

kJ/litre. (The final average concentration after treatment was 5 x 1 0 ^  CFU/ml.) The PTC also 

showed a large shoulder region, followed by steeper inactivation similar to the photolysis 

disinfection curve, as can be seen in Figure 5-20. An average final log reduction o f 2.4 was 

reached after an average UV-A dose o f 19.74 kJ/litre, with a high average final bacteria 

concentration of 4 x 10“’ CFU/ml. Figures 5-21 and 5-22 reveal low UV-A levels during the 

trials with just 10% of levels recorded over 30 W/m^ and 260 minutes spent at levels under 20 

w W . This would certainly have contributed to the poor inactivation levels in both reactors.

- 0.5

- 1.5

Strob. #5 
Ave.

- 2.5

Photolysis
Ave.

- 3.5

- 4.5

25 30 3510 15 20 40

C um ulative UV-A Dose (kJ/litre)

Figure 5-19 Photolytic treatment of E. coli using stroboscopic regime #5 in the CPC.
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Figure 5-20 Photolytic trea tm en t of E. coli using stroboscopic regime #5 in the PTC.
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Figure 5-21 (a) Frequency of occurrence of UV-A intensity and (b) cum ulative frequency of UV-A 

intensity for E. coli disinfection in the CPC: » Stroboscopic regime #5, a Photolysis.
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Figure 5-22 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection in the PTC: ■ Stroboscopic regime #5, ■ Photolysis.

Summary o f Results - CPC

The five stroboscopic regimes in the CPC are compared to photolysis in terms of 

cumulative UV-A dose in Figure 5-23, with regimes #2, #3 and #4 showing similar 

disinfection curves up to a 3-log reduction, all of which were steeper than the standard 

photolytic curve. Regime #4 reached a higher log reduction than all others, however, with an 

average 6.3-log reduction reached for a cumulative UV-A dose of 17.4 kJ/litre compared to a 

3.8-log reduction during photolysis at a similar dose. Regime #3 also showed very efficient 

log reduction per cumulative dose and was the regime with the lowest overall irradiated area.

The regimes are compared in terms of experimental time in the CPC in Figure 5-24, which 

shows regimes #2 and #4 reaching a 3-log reduction faster than photolysis and all other 

regimes. Regime #2 tailed off quickly, however, and very little inactivation was achieved 

after the first 90 minutes. Regime #4 achieved much faster inactivation than all other regimes 

with a 4-log reduction after just 90 minutes, compared to over 180 minutes for all other 

regimes, including photolysis. It should be noted that UV-A levels were highest for regime #2
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and #4 experiments, as can be seen in Figures 5-25 and 5-26, which compare the times 

at particular UV-A intensities for each regime, as well as the cumulative frequencjg 

intensities for each regime.
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Figure 5-23 Photolytic treatment of E. coli using stroboscopic regimes in the CPC in terms of 

cumulative UV-A dose.
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Figure 5-24 Photolytic treatment of E. coli using stroboscopic regimes in the CPC in terms of time.
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Figure 5-25 Frequency of occurrence of UV-A intensity for E. coli disinfection in the CPC.
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Figure 5-26 Cumulative frequency of UV-A intensity for E. coli disinfection in the CPC.
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Summary o f  Results -  PTC

A comparison of results for the PTC in terms of cumulative UV-A dose, as shown in Figure 

5-27, reveal different patterns to those observed in the CPC and most regimes displayed 

slower inactivation in terms of cumulative UV-A dose than photolysis up to a 3-log reduction. 

This difference was most likely due the lower overall illuminated pipe area in the PTC and 

higher percentage of dark periods, as discussed in Section 5.1.3. In addition, the initial 

morning period of PTC trials, when the reactor was not facing the sun directly, would have 

resulted in less efficient initial inactivation in the PTC. As discussed in Chapter 4, sufficient 

UV-A exposure in terms of intensity and dose during the initial inactivation period is very 

important in determining the overall inactivation efficiency. For a 4-log reduction, regime #3 

showed the best results but again regime #4 reached a higher final log reduction than all other 

regimes.

In terms o f time, shown in Figure 5-28, the standard photolytic experiment achieved a 

much faster 3-log reduction than all stroboscopic regimes. Regime #4 reached the same level 

of reduction as photolysis after 300 minutes, however, and had a slightly higher final log 

reduction than the photolytic experiments.

Figures 5-29 and 5-30 compare the UV-A intensities for each regime and photolysis in the 

PTC, again showing regime #2 and #4 having significantly higher UV-A levels during trials 

than photolysis and the other stroboscopic regimes.
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Figure 5-27 Photolytic treatment of E. coli using stroboscopic regimes in the PTC in terms of 

cumulative UV-A dose.
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Figure 5-28 Photolytic treatment of E. coli using stroboscopic regimes in PTC in terms of time.
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Figure 5-29 Frequency of occurrence of UV-A intensity for E. coli disinfection in tiie PTC.
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Since regime #4 showed efficient disinfection in terms of cumulative dose in the CPC, was 

the only regime to reach the detection limit during all trials in the CPC and achieved much 

faster disinfection in terms of time, this was chosen as the best regime to explore further in 

trials with Ti02 catalyst inserts and bacteriophages. In addition regime #4 performed as well 

over time as photolysis in the PTC and reached a higher log reduction than all other regimes, 

including photolysis. None of the regimes improved on photolytic disinfection in the PTC in 

terms of time but in terms of cumulative UV-A dose, regime #3 was the most efficient. (It 

should be noted that if  time had permitted all regimes would have been tested, particularly as 

variable experimental conditions in terms o f UV-A levels made comparison difficult).

5.I.2.2. Treatment of E. coli using Stroboscopic Regime #4 and TiOz Inserts

Results for treatment of E. coli using stroboscopic regime #4 and fixed Ti02 inserts in the 

CPC are presented in this section. As mentioned in Chapter 4, both photolytic and 

photocatalytic mechanisms would have been taking place during these trials, since inserts 

were placed in only five of the ten reactor tubes, as shown in Figure 4-52. Horizontal and 

vertical standard error bars are included in graphs to show experimental variation between 

trials.

Insert #1 and Stroboscopic Regime #4

Results for the single conical frustum, insert #1, are shown in Figure 5-31, and it was 

observed that the introduction o f dark periods did not improve on results obtained for standard 

photolysis or treatment using insert #1. An average final 4-log reduction was reached 

following an average cumulative UV-A dose of 23.3 kJ/litre. The average final E. coli 

concentration was 670 CFU/ml after 360 minutes o f exposure. Figure 5-32 shows low UV-A 

levels during experiments, with only 20% of UV-A levels over 30 W/m^ but these levels were 

similar to those experienced during standard trials with insert #1. This shows that introduction 

o f dark periods at low UV-A intensities reduced the efficiency of E. coli inactivation using 

Ti0 2  insert #1.
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Figure 5-31 Treatment of E. coli using stroboscopic regime #4 and Ti02 insert #1 in the CPC.
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Figure 5-32 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency »f UV-A 

intensity for treatment of E. coli using stroboscopic regime #4 and Ti02 insert #1 in the CPC.
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Insert #2 and Stroboscopic Regime #4

Results for insert #2, the five connected small frusta, are shown in Figure 5-33 and again 

inactivation was significantly less efficient compared to results observed for standard 

photolysis and treatment with insert #2. A large shoulder area was evident at the beginning of 

the disinfection curve and UV-A levels were again very low during trials, as can be seen in
■y

Figure 5-34, with only 9% of levels over 30 W/m . This confirms the findings of insert #1 

trials, which showed that introduction of dark periods at low UV-A intensities significantly 

reduced the efficiency of inactivation. The disinfection curve became steeper after the first 90 

minutes of exposure, however, and an average final 3.2-log reduction was reached for a final 

average cumulative dose o f 19.9 kJ/litre.
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Figure 5-33 Treatment o f f .  coli using stroboscopic regime #4 and TIO2 insert #2 in the CPC.
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Figure 5-34 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for treatment of E.coli using stroboscopic regime #4 and TiOi insert #2 in the CPC.

Results for the stroboscopic photolytic and TiOa insert trials in terms of cumulative dose 

and time required to reach 1 to 4-log reductions in the CPC are shown in Table 5-3. Average 

UV-A levels and percentage of levels over 25 W/m^ are also shown. As noted earlier, regimes 

#2, #3 and #4 all showed similar results up to 3-log reduction in terms of cumulative dose, 

with values ranging between 4.223 and 5.376 kJ/litre but regime #4 proved much faster in 

terms o f time, particularly for a 4-log reduction which was achieved following 87 minutes of 

exposure compared to 331 and 222 minutes for regimes #2 and #3 respectively.

The poorest performing regimes, #1 and #5, were also the regimes with the lowest UV-A 

levels during experiments, which suggests that UV-A intensity may be an important factor in 

the efficiency of the stroboscopic mechanism. An average of 21.6 and 19.5 W/m‘ of UV-A 

was observed for trials with regimes #1 and #5 respectively compared to values of 42.1, 24.3 

and 40.8 W/m for regimes #2, #3 and #4 respectively.

Introduction of a stroboscopic mechanism to experiments using Ti02 insens did not 

improve the inactivation rate compared to experiments with inserts alone but again UV-A
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levels were low during these trials with average intensities o f only 20.2 and 17.1 W/m of UV- 

A for insert #1 and #2 respectively. It should be noted, however, that levels were equally low 

during trials using the inserts alone, suggesting again that UV-A intensity may be more 

important for stroboscopic trials than for standard photocatalytic and photolytic trials.

Results for the PTC are summarised in Table 5-4, where regime #3 proved the most 

efficient in terms of cumulative UV-A dose requiring just 8.718 kJ/litre for a 3-log reduction, 

compared to values between 15.709 and 27.008 kJ/litre for other regimes. In terms of time, 

regime #4 showed the fastest inactivation for a 4-log reduction but time required for a 3-log 

reduction was similar for regimes #2, #3 and #4 with values o f 243, 248 and 254 minutes 

respectively. Photolysis proved more effective than all stroboscopic regimes in terms of time 

to reach a 4-log reduction, taking 226 minutes compared to the fastest value o f 299 minutes 

for regime #4. Regimes #1 and #5 did not reach a 4-log reduction over 360 minutes of 

treatment.

Table 5-5 shows a summary of the average maximum disinfection coefficients (k^ax) for 

experiments carried out in the CPC and PTC, calculated using GlnaFiT software described in 

Section 3.3.6, as well as the kinetic models of best fit for the average disinfection curves. 

Most regimes followed shoulder-linear-tail or shoulder-linear models, which is as expected 

given the reduction in UV-A dose hitting the reactors during the initial stages of treatment. 

Regimes #2, #3 and #4 showed the highest disinfection coefficient values in the CPC, while 

regimes #1, #3 and #5 showed the highest values in the PTC. However, it should be noted that 

inactivation did not proceed to large log reductions in all cases, despite higher maximum 

disinfection coeftlcient values compared to photolysis in most instances. Experiments using 

stroboscopic regime #4 with Ti02 inserts followed shoulder-linear-tail models but insert #1 

had a higher average maximum disinfection coefficient than insert #2. GlnaFiT inactivation 

curves are shown in Appendix F.
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Table 5-3 Stroboscopic photolysis and photocatalysis in the CPC: a comparison of cumulative UV-A 

dose and time required to reach 1 to 4-log reductions (note: values are approximate and interpolated from 

experimental data).

#1 (S pipes) 4.938 6.868 8.987 13.387 

(3.8 log)

105 153 206 360

(3.8 log)

21.6 41

#2 (5 pipes) 1.859 3.787 4.964 24.849 37 69 86 331 42.1 95.8

#3 (4 pipes) 1,795 3.056 4.223 6.040 76 128 164 222 24.3 57

#4 (8 pipes) 2.809 4.051 5.376 7.012 39 54 69 87 40.8 96.2

#5 (6 pipes) 8.283 9.691 12.43 14.803 

(3.2 log)

192 226 289 360

(3.2 log)

19.5 19.4

Photolysis 2.894 4.525 9.168 28.684 48 81 114 206 31.3 57

#4 & Insert 

#1

6.023 8.789 12.403 20.164 113 154 207 299 20.2 27.8

#4 & Insert 

#2

10.016 13.221 17.214 19.972 

(3.2 log)

168 225 286 360

(3.2 log)

17 11

Insert# ! 3.641 6.693 9.620 18.485 70 123 159 288 17.9 14

Insert #2 6.77 8.57 10.37 25.01 124 146 169 297 21.9 35
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Table 5-4 Stroboscopic photolysis in the PTC: a comparison of cumulative UV-A dose and time 

required to reach 1 to 4-log reductions (note: values interpolated from experimental data).

#1

(2.5 pipes)

8,345 12.026 15.709 n/a 143 214 299 n/a 21,6 41

#2

(2.5 pipes)

9.679 14.675 23.318 34.751 

(3,3 log)

120 167 243 360

(3,3 log)

42.1 95.8

#3 (2 pipes) 4.844 6.809 8.718 12,138 150 199 248 353 24.3 57

#4 (4 pipes) 10.834 17,339 27.008 34,6 124 182 254 299 40.8 96.2

#5 (3 pipes) 11,689 15.494 19.284 

(2.4 log)

n/a 209 277 360

(2,4 log)

n/a 19.5 19.4

Photolysis 6.754 14.844 18.865 28,628 84 139 165 226 31.3 65
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Table 5-5 Average maximum disinfection coefTicients, k,n*« and models of best fit for stroboscop' 

regimes in the CPC and PTC, calculated using GInaFiT.

1
#1 1.31 Shoulder-Linear-T ail 0.99 0.53 Shoulder-Linear 0.98

#2 1.52 Shoulder-Linear-T ail 0.99 0.41 Shoulder-Linear-T ail 0.99

#3 2.22 Shoulder-Linear-T ail 0.99 1.01 Shoulder-Linear 0.98

#4 2.45 Shoulder-Linear-T ail 0.98 0.29 Shoulder-Linear 0.98

#5 1.73 Shoulder-Linear-T ail 0.98 0.49 Shoulder-Linear 0.98

Photolysis 0.85 Linear-Tail 0.98 0.47 Shoulder-Linear-Tail 0.98

#4 & TiOz 

Insert #1

0.81 Shoulder-Linear-T ail 0.99 n/a n/a n/a

#4 & TiOz 

Insert #2

0.61 Shoulder-Linear 0.98 n/a n/a n/a

5.I.2.3. Reactivation and Repair

Average reactivation results obtained when samples were re-plated following 24 and 48 

hours o f incubation in the dark at 37°C post-irradiation are shown in this section. Standard 

error bars are included in graphs and show considerable variation in reactivation levels
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between trials, as was observed following photolytic and photocatalytic treatment o f bacteria 

in Chapter 4.

Stroboscopic Photolysis Reactivation and Repair - CPC

Post-irradiation reactivation o f bacteria proved to be very high for the photolytic 

experiments carried out on E. coll using the five stroboscopic regimes. Figure 5-35 shows 

average reactivation following treatment using regimes #1 and #2, with strong recovery of 

bacteria evident after both 24 and 48 hours of incubation. Following treatment with 

stroboscopic regime #1, the final average concentration of bacteria was quite high at 1 x 10̂  

CFU/ml, which increased to an average 8.5 x 10  ̂CFU/ml during 48 hours of incubation in the 

dark. For regime #2, the final average concentration was 100 CFU/ml following treatment, 

which increased to 2.5 x lO'̂  CFU/ml after 48 hours.

2.00E+06 

1.80E-f06 

1.60E+06 

1.40E+06 

_  1.20E+06 

5  l.OOE+06 

^  8.00E+05 

^ 6.00E+05 

4.00E+05 

2.00E+05 

O.OOE+00

■ 48hr

60 120 180 240 300

Sam ple Time (mins)

360

2.00E+06

1.80E+06

1.60E+06

1.40E+06

^  1.20E-M36 
D

&  l.OOE+06 
Z

8.00E+05

6.00E+05

4.00E+05

2-CX)E+05

O.OOE-KX) I HM
60 120 180 240 300 360

Sam ple Tim e (mins)

I Ohr

I24hr

1 48hr

(a) (b)

Figure 5-35 Average reactivation levels of E.coli following photolytic treatment using (a) stroboscopic 

regime #1 and (b) stroboscopic regime #2 in the CPC.
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Reactivation levels for regimes #3 and #4 are shown in Figure 5-36 and high concentrations 

of bacteria were again evident. The average final bacterial concentration following 360 

minutes of treatment with regime #3 was 70 CFU/ml, which increased to an average 4.5 x 10  ̂

CFU/ml following 48 hours storage in the dark. Regime #4 reached the detection limit after 

180 minutes of treatment but again all samples showed strong recovery after 24 and 48 hours, 

reaching an average 1 x 10  ̂ CFU/ml for all 48-hour samples. Recovery for regime #5 is 

shown in Figure 5-37. Disinfection levels were poor during trials and final concentrations 

increased from an average 3 x 10"* CFU/ml to 4.5 x 10  ̂ CFU/ml for the 360-minu:e sample 

after 48 hours. Also shown in Figure 5-37 is the reactivation pattern for standard photolysis of 

E. coli where levels reached over 2.5 x 10  ̂CFU/ml after 48 hours incubation in the dark.
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Figure 5-36 Average reactivation levels of E. coli following photolytic treatment using (a) stroboscopic 

regime #3 and (b) stroboscopic regime #4 in the CPC.
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Figure 5-37 Average reactivation levels of E. coli following photolytic treatment using (a) stroboscopic 

regime #5 and (b) photolysis in the CPC.

Stroboscopic Photolysis Reactivation and Repair - PTC

Reactivation patterns for the PTC were similar to those observed with the CPC, with high

post-irradiation recovery observed in all cases. As observed in the CPC, however, final

bacterial concentrations following 360 minutes o f treatment in the PTC were very high in

many cases and so recovery was not occurring from low levels o f bacteria. Figure 5-38 shows

the average levels of E. coli for regime #1, following storage in the dark post-irradiation, with

48-hour levels reaching over 1 x 10  ̂ CFU/ml for all samples. Final average E. coli

concentrations after 360 minutes of treatment were also very high, however, at 1 x lO"*

CFU/ml. For regime #2, the 360-minute sample reached 5 x 10"̂  CFU/ml after 48 hours from
-1

an initial value of 2 x 10 CFU/ml prior to incubation. Regimes #3 and #4 (Figure 5-39) 

showed similar patterns for 360-minute samples, with bacterial concentrations increasing from 

an average 280 CFU/ml to 1.5 x 10  ̂ CFU/ml after 48 hours for regime #3 and from 75 

CFU/ml to 8 X 10“̂ CFU/ml for regime #4.
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Figure 5-38 Average reactivation levels of E. coli following photolytic treatment using (a) stroboscopic 

regime #1 and (b) stroboscopic regime #2 in the PTC.
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Figure 5-39 Average reactivation levels of E. coli following photolytic treatment using (a) stroboscopic 

regime #3 and (b) stroboscopic regime #4 in the PTC.
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Figure 5-40 shows recovery following treatment using regime #5 with an average increase 

from 4 X 10"* to 5.5 x 10"* CFU/ml in the 360-minute sample. Reactivation for standard 

photolysis of E. coli in the PTC is also shown in Figure 5-40, with concentrations reaching 6 x 

10  ̂CFU/ml.
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Figure 5-40 Average reactivation levels of E. coli following photolytic treatment using (a) stroboscopic 

regime #5 and (b) photolysis in the PTC.

Reactivation and Repair Following Treatment with Ti02 Inserts and Regime #4 - CPC

P.esults for the treatment of E. coli using stroboscopic regime #4 and Ti02 inserts #1 and #2 

are shown in Figure 5-41. As was observed in Chapter 4, both inserts appeared to suppress 

recovery significantly. Concentrations in the 360-minute samples were 3 x 10 CFU/ml for 

insert #1 and 400 CFU/ml for insert #2 following 48 hours o f incubation. These were from 

final experimental values of 700 CFU/ml and 7x10^  CFU/ml for insert #1 and #2 respectively 

and so insert #2 concentrations actually reduced. Insert #2 was also observed to suppress 

reactivation better than insert #1 in Chapter 4. The combination of stroboscopic regime #4
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and Ti0 2  inserts resulted in lower reactivation levels compared to results obtained using 

regime #4 during photolytic treatment.
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Figure 5-41 Average reactivation levels of E. coli following treatment in the CPC using (a) stroboscopic 

regime #4 and insert #1 and (b) stroboscopic regime #4 and insert #2.

Figure 5-42 shows reactivation levels for standard trials using inserts #1 and #2 and it can 

be seen that similar levels o f  reactivation were observed for insert #2, but levels were much 

higher at 9 x 10"* CFU/ml in the case o f  insert #1. Therefore the combination o f  stroboscopic 

regime with insert #1 appears to have suppressed recovery better than using the insert alone.
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Figure 5-42 Average reactivation levels of E. coli following photocatalytic treatment in the CPC using 

(a) fixed T1O2 insert #1 and (b) fixed TiOi insert #2.

5.1.2.4. Photolytic Treatment of Bacteriophages

Results obtained using stroboscopic regime #4 during photolytic inactivation o f 

bacteriophages PR772, 0X 174 and MS2 in the CPC are shown in Figure 5-43 and are 

compared to results obtained during standard photolytic treatment. 0X 174 showed the 

sharpest initial decline, although this quickly tailed off, while PR772 and MS2 both showed 

initial shoulder regions o f slow inactivation but a sharp decline was then observed. The 

detection limit was reached for PR772 and final average concentrations o f  50 CFU/ml and 250 

CFU/ml were observed for 0X 174 and MS2 respectively for a final cumulative dose o f 21.93 

kJ/litre. The detection limit was reached for all bacteriophages during standard photolytic 

trials, where the average final cumulative UV-A dose was 35.2 kJ/litre.
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Figure 5-43 Photolytic disinfection of PR772, OX174 and MS2 bacteriophages in the CPC using 

stroboscopic regime #4 compared to standard photolytic treatment of bacteriophages.

Results using the PTC are shown in Figure 5-44, with again PR772 and MS2 showing large 

initial shoulders o f slow inactivation following on to steeper decline. The detection limit was 

not reached for any o f the bacteriophages but during photolytic trials all bacteriophages 

reached the detection limit. The final average cumulative UV-A dose for the stroboscopic 

experiments was 29.2 kJ/litre compared to 46.9 kJ/litre for photolytic trials.

Figure 5-45 shows UV-A levels for the stroboscopic trials compared to those during 

photolytic trials. 29% of UV-A radiation levels recorded were over 30 W /m and 175 ninutes 

was spent at levels under 20 W/m for stroboscopic trials, compared to 50% over 30 W/m and 

115 minutes under 20 W/m during photolytic trials.

264



Stroboscopic Effects and Arsenic Removal

PR772 Strob. 
A v e .  

phiX174 
Strob. Ave, 

MS2 Strob. 
Ave.

-  PR772 
Photolysis

-  phiX174 
Photolysis

-  MS2 
Photolysis

15 20 25 30 35 40

C u m u la tiv e  UV-A D ose (k J /litre )

Figure 5-44 Photolytic disinfection of PR772, 0X174 and MS2 bacteriophages in the PTC using 

stroboscopic regime #4.
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Figure 5-45 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for bacteriophage disinfection in the CPC and PTC: ■ Stroboscopic regime #4, Photolysis.
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Results for photolytic treatment o f bacteriophages in the CPC and PTC are summarised in 

Tables 5-6 and 5-7 in terms o f cumulative dose and time required to reach 1 to 4-log 

reductions. Average UV-A levels are also included, as well as percentage time spent over 

intensities o f  25 W/m^.

Table 5-6 Photolytic treatment of bacteriophages in the CPC using stroboscopic regime #4 (note: values 

are approximate and obtained from interpolating sample results).

PR772

CPC

5.027 8.858 11.229 13.323 84 144 185 230 22.23 40.3

0X174

CPC

1.976 3.908 8.356 18.505 33 70 140 285 22.23 40.3

MS2

CPC

5.077 7.003 9.202 11.932 85 120 153 200 22.23 40.3

PR772

CPC

Photolysis

5.706 8.790 12.520 14.587 67 93 128 153 28.09 54

<I>X174

CPC

Photolysis

2.711 5.959 10.066 16.674 36 69 104 179 28.09 54

MS2

CPC

Photolysis

5.837 10.479 14.035 21.293 68 108 146 215 28.09 54
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Table 5-7 Photolytic treatment of bacteriophages in the PTC using stroboscopic regime #4 (note: values 

are approximate and obtained from interpolating sample results).

PR772

PTC

14.657 20.491 26.877 29.235 

(3.7 log)

184 258 312 360

(3.7

log)

22.23 40.3

<1>X174

PTC

6.067 11.741 21.534 29.235 

(3.3 log)

79 149 265 360

(3.3

log)

22.23 40.3

MS2

PTC

8.899 19.184 23.576 29.235 

(3.8 log)

93 139 254 360

(3.8

log)

22.23 40.3

PR772

PTC

Photolysis

13.522 18.852 25.557 33.312 105 148 199 245 28.09 54

a>X174

PTC

Photolysis

7.512 13.335 19.628 27.387 67 104 155 209 28.09 54

iMS2

PTC

Photolysis

11.663 17.909 41.034 44.815 93 139 254 319 28.09 54

For a 3-log reduction the order o f inactivation for photolysis beginning with the most 

susceptible was 0X 174 CPC > PR772 CPC > MS2 CPC > 0 X 1 7 4  PTC > PR772 PTC > MS2 

PTC, which shows that MS2 was the most resistant in both reactors, followed by PR772 and
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0X174. When the stroboscopic regime was introduced, however, this order changed to 

0X174 CPC > MS2 CPC > PR772 CPC > 0X 174  PTC > MS2 PTC > PR772 PTC, showing 

that MS2 was significantly impacted by the stroboscopic regime, making it less resistant to 

inactivation. A comparison of cumulative doses required for inactivation o f MS2 also shows 

much lower doses required for a 4-log reduction when compared to standard photolysis, with 

11.93 kJ/litre needed with the stroboscopic regime and 21.29 kJ/litre for standard photolysis. 

However in terms of time, inactivation of MS2 took a similar period of time for both the 

stroboscopic regime and standard photolysis and inactivation was slower with the introduction 

o f dark periods for 0X174 and PR772 (although required UV-A doses for inactivation were 

similar). Note; GlnaFiT graphs including average maximum disinfection coefficients are 

included in Appendix F for all bacteriophage stroboscopic trials.

5.1.3. Discussion

CPC vs. PTC

The results obtained during photolytic treatment of E. coli in the CPC and PTC showed that 

the stroboscopic mechanisms produced more efficient inactivation in the CPC compared to the 

PTC. Standard photolysis, where no pipes were covered, was more efficient in terms of time 

than all stroboscopic regimes in the PTC as well as in terms of cumulative UV-A dose for all 

regimes apart from regime #3, which performed similarly to standard photolysis. Regime #3 

also had the lowest overall irradiated area of all regimes. In the CPC, however, all 

stroboscopic regimes apart from regime #5 were more efficient than standard photolysis in 

terms of cumulative dose for a 4-log reduction but in terms of time only regime #4 was more 

efficient than standard photolytic treatment. These results are interesting, as the total 

irradiated areas, which included the reflector areas, were similar in the CPC and PTC. It 

should be noted, however, that both reactors already had significant inherent dark periods 

before any stroboscopic regime was introduced, specifically at pipe connections and in 

reservoirs. In particular, the PTC only had five tubes and therefore spent longer periods in 

darkness between each traverse compared to the CPC with ten tubes. Without any
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stroboscopic regime in place, water in the CPC spent 57% of time under illumination per 

recirculation, while water in the PTC spent only 38% of time under illumination. (See Tables 

5-1 and 5-2 for time spent under illumination for each stroboscopic regime.) Therefore, even 

the standard photolytic trials conducted during this research where the tubes were not covered, 

already exposed bacteria to significant dark periods as they moved between tubes and between 

lower and upper reservoirs. The results presented therefore compare increasing levels of light 

and dark periods as well as reduced overall irradiated areas with the introduction of 

stroboscopic regimes. It should also be noted that the PTC was operating with a total volume 

o f 30 litres compared to 40 litres in the CPC.

A further point on CPC and PTC comparison, which was previously observed in Chapter 4, 

was that the PTC only tended to operate efficiently in terms of disinfection for 2-3 hours of 

each experiment, when the reactor was facing the sun around the midday period. This was due 

to the design of the PTC which could only utilise direct solar radiation compared to the CPC 

which utilised both direct and diffuse radiation. Therefore a lag region was observed during 

most experiments at the beginning (in the morning), which would have been exacerbated by 

the introduction of increased dark periods. This shoulder region indicates that a threshold 

dose of UV-A needs to be reached before significant disinfection can take place, as discussed 

in Chapter 4. The introduction of further dark periods may also have given bacteria in the 

PTC an opportunity to become more resistant to treatment by exposing them to sub-lethal UV- 

A doses and giving them time to recover in the dark, as noted previously by Ubomba-Jaswa 

(2010). Rincon and Pulgarin (2004) also concluded that stopping irradiation, just after 

photocatalytic treatment of E. coli in suspended TiOa commenced, allowed repair mechanisms 

to activate and so a longer period of time was needed to achieve inactivation. However, a 

short period of darkness after a long period of illumination did not appear to affect the 

inactivation rate. This confirms findings of Chapter 4, which showed that UV-A dose and 

intensity during the initial period of inactivation significantly affected overall inactivation 

rates. Detailed descriptions of dark repair mechanisms are given in Section 2.7.
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Cumulative Dose, Experimental Time and Irradiated Area

The relationship between irradiated area and disinfection efficiency in terms of time and 

cumulative dose was not completely clear from experimental results but this may have been 

impacted by differing weather conditions for each regime. However, regime #3 with the 

lowest irradiated area performed the best in terms of cumulative dose and regime #4 with the 

highest area was the most efficient regime in terms o f time, which is in agreement with the 

findings of Misstear et at. (2013), who observed that more disinfection occurred with respect 

to time as the illuminated area was increased but this also resulted in decreased disinfection 

efficiency with respect to cumulative dose.

The irradiated area for regime #3 was only 37% of the standard reactor set-up and so the 

fact that this gave the most efficient disinfection in both reactors in terms of cumulative dose 

was significant. Misstear et al. suggested that, as a result of the need for bacteria in low 

illuminated area regimes to complete more recirculations than high illuminated area regimes in 

order to reach the same cumulative dose, that other stresses encountered during these 

recirculations might contribute to the improved disinfection with respect to cumulative dose. 

Regime #3 reached the detection limit during one of its trials in the CPC but was significantly 

slower than regime #4 at achieving total inactivation. Regime #4 gave the most promising 

overall results both terms of cumulative UV-A dose and time in the CPC and had the highest 

total irradiated area o f all regimes at 80% of the standard reactor set-up. Regimes #1 and #2, 

which had the same total irradiated area, did not give similar results with respect to time but 

UV-A levels were much higher during regime #2 trials compared to regime #1, which may 

have contributed to the poor performance of regime #1.

It is noteworthy that regime #4, which had a lower total irradiation area than the standard 

photolytic set-up, resulted in more efficient disinfection both in terms o f time and cumulative 

dose, and significantly reached the detection limit which all photolytic trials failed to do. 

(UV-A intensity levels were high for both regime #4 and standard photolysis trials.) These 

results are in line with the findings o f McLoughlin et al. (2004b) and Fernandez et al. (2005),
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who reported that disinfection rates in terms o f time did not reduce when irradiated areas were 

reduced and could in fact be higher. Fernandez et al. (2005) conducted photocatalytic

experiments on a CPC system in which tubes were darkened to give illuminated areas o f 0.125
2 2 2 2 m , 0.25 m , 0.5 m , and 0.75 m . They observed that the inactivation rate was the same

regardless o f illuminated time and concluded that this must have been due to a synergistic

effect between the illuminated area and experimental run-time, due to mechanical stresses

imposed on bacteria by the flow rate. Sichel et al. (2007b) also found that disinfection was

independent of the irradiated area during photocatalytic treatment, once a threshold UV dose

had been received, but photolytic treatment was observed to be more dependent on irradiated

area.

The results obtained from the stroboscopic trials in terms of cumulative dose suggest that 

regimes which received more irradiation were less efficient at using the incoming photons and 

the increased illumination time during the photolytic trials may have allowed bacteria to 

become resistant to treatment over the 360 minutes of exposure. The possibility that bacteria 

can adapt to the effects of UV during photolysis and become more resistant to treatment with 

increased residence time under illumination has previously been suggested by Bemey et al. 

(2007) and Fernandez et al. (2005).

The results o f this research indicate that disinfection is linked to a combination of both dose 

and time spent under illumination and it is necessary to compare regimes in terms of both 

parameters in order to get an overall picture of efficiency. It has been pointed out previously 

that cumulative dose may not in fact be a suitable parameter for standardising photolytic 

disinfection and therefore for comparing results between regimes (Rincon and Pulgarin, 2004; 

Gill and McLoughlin, 2005).

Flash Frequency

In terms of the number of light and dark periods and flash frequency, regimes #2 and #4 

had the same number of openings per traverse and performed similarly up to a 4-log reduction
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in the CPC but then regime #2, with a lower overall irradiated area, quickly tailed off and did 

not reach complete inactivation. This was despite high UV-A levels for both regimes and is 

not in line with the hypothesis that increased illumination time results in less efficient 

disinfection, as discussed previously. In contrast, however, regimes #3 and #5 with 18 

openings per traverse showed very different results, with regime #3 which had the lower 

irradiated area, proving to be much more efficient. However, it should be noted again that 

UV-A levels were low for regime #5 trials, which could have impacted results.

Regime #2 had a larger number of openings than regime #1 for the same irradiated area, 

and performed much better than regime #1. These findings were different to those of Misstear 

et al. (2013), who observed that the number of dark and light periods did not significantly 

impact disinfection, once the illuminated area was kept constant. In addition they noted that 

patterns with fewer light and dark periods performed slightly better, which is different to what 

was observed during these trials. However, UV-A levels were again low for regime #1 trials, 

which could have had a bearing on results obtained, as discussed later in this section.

77O2 Inserts

The introduction of dark periods to trials with fixed Ti02 inserts did not show any 

improvement on the standard insert trials with fully exposed pipes and gave less efficient 

results both in terms of cumulative dose and time. This may have been due to low UV-A 

levels during these trials, although levels were also low during standard insert trials. These 

results were contrary to the findings o f Misstear et al. (2013), where it was observed that more 

illumination interruptions led to higher disinfection rates during photocatalytic tests. They 

also found that increasing the illuminated area during photocatalytic tests brought about very 

little difference in disinfection with respect to time, leading them to the conclusion that a 

threshold dose had been reached, beyond which disinfection was independent o f illuminated 

area. Sichel et al. (2007b) also found that inactivation rate was unaffected by increased 

illuminated area during photocatalytic tests, once a threshold UV-A dose had been received.
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Reactivation and Repair

Post-irradiation reactivation and repair of E. coli following incubation in the dark for 24 

and 48 hours was observed to be high for all stroboscopic regimes tested photolytically, with a 

2-log recovery at least observed in all cases but up to 5-log recovery in some. In most cases 

the detection limit was not reached during treatment and in some instances final bacterial 

concentrations following treatment were over 1 x 10  ̂CFU/ml. However, even regimes which 

reached the detection limit during trials, and levels less than 100 CFU/ml following treatment, 

increased to bacterial concentrations of the order 1 x 10“̂ to 1 xlO^ CFU/ml. These recovery 

levels were not significantly different to those observed during standard photolytic tests on E. 

coli, where concentrations after 48 hours of incubation in the dark were similar. Therefore it 

is not clear that the interruption of the UV-A dose during stroboscopic treatment had any 

effect on the nature of reactivation in cells. It should also be noted that similar small stressed 

colonies were observed in recovered samples, as was seen during photolysis and 

photocatalysis experiments in Chapter 4. As mentioned previously in Chapter 4, Bemey et al. 

(2006a) has suggested that photolysis can have a lethal effect on bacteria if  a sufficient dose is 

received, which may indicate that the dose received during stroboscopic trials was not enough 

to induce irrevocable damage. As also noted in Chapter 4, it is important that the pathological 

nature of cells, which reactivate following treatment, is determined in order to assess the risk 

posed by recovered bacteria in treated water in terms of its suitability for drinking purposes.

Although disappointing disinfection kinetics were observed during trials combining TiOa 

inserts and stroboscopic regime #4, the reactivation levels for these trials did appear to be 

suppressed compared to the standard photolytic trials with stroboscopic regimes. This was 

despite low UV-A intensities during trials. Previous research suggests that the ability of Ti02 

photocatalysis to produce a ‘residual effect’, whereby reactivation and repair is suppressed 

post-treatment is dependent on high intensities of UV-A being received during photocatalysis 

(Rincon and Pulgarin, 2004a; Alrousan et ah, 2012) but the results of this research would 

suggest that a residual effect can be achieved even during low intensity treatment. As was 

noted in Chapter 4, insert #2 appeared to suppress recovery better than insert #1. Interestingly

273



Stroboscopic Effects and Arsenic Removal

the combination o f the stroboscopic regime and insert #1 appeared to reduce reactivation 

levels for this insert by a margin o f  1-log.

Bacteriophages

The introduction o f a stroboscopic regime did not significantly change disinfection 

efficiency during photolysis o f PR772 and 0X 174 over the total period o f exposure, but 

cumulative levels required for a 3-log reduction were slightly lower than those observed 

during standard photolysis. Doses required for a 4-log reduction o f PR772 and 0X 174 were 

similar for both regimes, however. During standard photolytic trials carried out in Chapter 4, 

it was found that MS2 was the most resistant bacteriophage, followed by PR772 and 0X 174. 

However, during stroboscopic trials MS2 was found to be more susceptible to stroboscopic 

treatment than to standard photolysis. This is in agreement with the finding o f Laot et al. 

(1999), who also observed MS2 to be sensitive to interrupted illumination patterns. The fact 

that MS2 was susceptible to the stroboscopic mechanism but PR772 and 0X 174 were not 

affected, confirms the assertion that the introduction o f light and dark periods can affect 

microorganisms in a different way. Laot et al. (1999) also found that a longer exposure time 

was needed to achieve complete disinfection during photocatalytic treatment o f Bacteriodies 

fragilis, when the irradiation was interrupted after 6 minutes but Pham et al. (1995) observed 

that intermittent illumination inactivated viable B. pumilus spores quicker than continuous 

exposure to UV. Lanao et al. (2012) reported that disinfection o f Enterococcus sp. in the 

presence o f Ti0 2  and H2O2 was similar under continuous and intermittent illumination. It is 

therefore evident that the effects o f  intermittent light and dark periods during photolytic and 

photocatalytic treatment o f various microorganisms has shown differing results and therefore 

it is important to evaluate the effects o f  stroboscopic mechanisms for individual species.

UV-A Intensity

The impact o f  UV-A intensity during trials was not completely clear but it was striking that 

the poorest performing regimes (#1 and #5) had the lowest UV-A levels during trials and those
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which performed the best had significantly better conditions during trials (#2, #3, #4). This 

would indicate that it is important to test all regimes in more consistent conditions in order to 

get a truer picture o f efficiency both in terms of cumulative UV-A dose and time. In addition, 

the UV-A levels during photocatalytic trials were also quite low and therefore it is not clear if  

the results which showed no improvement on standard photocatalysis would hold in conditions 

with higher UV-A intensities.

As discussed in Chapter 4, previous research has shown mixed results in terms of the 

relative importance of cumulative dose and UV-A intensity on inactivation. However results 

discussed in Chapter 4 for both photolytic and photocatalytic inactivation showed a link 

between intensity and inactivation rate, as reported by many other authors (Rincon and 

Pulgarin, 2004a; Gelover et al., 2006; Gomez-Couso et a i,  2009). Sichel et al. (2007b) 

showed that solar photocatalytic disinfection did not proportionally depend on solar UV 

intensity, as long as enough photons had been received for disinfection, i.e. once a minimum 

UV dose had been received. They also observed that photolytic disinfection appeared to be 

more sensitive to changes in solar irradiation and required higher minimum solar UV intensity 

and higher minimum UV dose for disinfection than solar photocatalytic disinfection.

Due to the particular nature of the stroboscopic mechanism, intensity may well have more 

of a bearing during these trials than during standard photolysis and photocatalysis. It would 

seem intuitive that bacteria would undergo more stress if the difference between light and dark 

periods was more pronounced, as would be the case with high UV-A intensities. It is therefore 

recommended that further trials under more consistent UV-A conditions be carried out, to 

ascertain if the poor performance of regimes #1 and #5 was directly linked to low UV-A 

intensity levels.
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5 .2 . Arsenic Removal

As discussed in Section 2.12, arsenic contamination of water is a widespread problem 

globally and the SORAS process for arsenic removal has been successfully tested in the fiill 

scale CPC continuous flow system used throughout this research by O'Farrell (2012). Prior to 

this study, no efforts had been made to combine the SORAS and solar disinfection processes 

and so an investigation was carried out into the potential for carrying out both processes 

simultaneously in the CPC.

5.2.1. Experimental Set-Up

The CPC was set up outside as outlined in Section 3.3.3.2 with sterile distilled water. The 

water was inoculated with E. coli and stock solutions o f arsenic and iron were then added to 

give starting concentrations of 5, 10 and 15 mg/litre o f iron and 1000 |ig/litre of arsenic. 

Samples were taken regularly over the course of six hours and tested for bacterial 

concentration and arsenic concentration, according to methods outlined in Sections 3.3.1 and 

3.3.3.5 respectively.

5.2.2. Results

Figure 5-46 shows average results for arsenic and E. coli removal with starting 

concentrations of 7 x 10  ̂ CFU/ml of E. coli, 1000 ^ig/litre of arsenic and 15 mg/litre of iron. 

Average photolysis results for E. coli are included for comparison.
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Figure 5-46 Combined photolysis of E. coli (7 x 10̂  CFU/ml) and arsenic removal with starting As 

concentration of 1000 ng/litre and Fe concentration of 15 mg/litre.

A 2.7-log removal of E. coli was achieved after 90 minutes, which was equivalent to an 

average UV-A cumulative dose of 10.34 kJ/litre. The initial disinfection curve was observed 

to be steeper than that for general photolysis (which had a higher starting concentration of 1 x 

10  ̂ CFU/ml). Disinfection then tailed off but the detection limit was reached after 300 

minutes of treatment, equivalent to an average cumulative dose of 35.13 kJ/litre of UV-A and 

a log reduction of 3.25. Large horizontal error bars show differences in UV-A levels (and 

hence cumulative dose) between trials but Figure 5-47 shows tnat average UV-A intensities 

for experiments were quite high. 65% of levels recorded were over 30 W/m and 80 minutes

were spent at levels under 20 W/m^. Average UV-A levels for standard photolysis of E. coli
2 2 were also high with 47% of levels over 30 W/m and 125 minutes at levels under 20 W/m . In

terms of arsenic removal, an initial sharp decline at the beginning of the experiments was

followed by a small rise in concentration and then a slow linear decline to a final level of 786

|xg/litre, which was equivalent to a 21% removal over 6 hours o f exposure.
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Figure 5-47 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for SORAS and solar disinfection in the CPC (As lOOOjig/litre, Fe 15mg/litre): ■ Combined Trial, 

■ Photolysis.

Results for starting iron concentrations of 10 mg/litre and E. coli concentration of 1 x 10  ̂

CFU/ml are shown in Figure 5-48. Good disinfection levels were again observed with a 3.6- 

log removal achieved for an average cumulative UV-A dose of 12.65 kJ/litre and the detection 

limit was reached before the end of the experiment giving an average final log reduction of 

4.8. The initial inactivation rate was again faster than that observed for standard photolysis 

and the tail region was not as pronounced as that observed with the photolysis curve. Arsenic 

removal again showed an initial sharp drop, followed by a slight rise in concentration and a 

slow linear decline for the remaining exposure time. The final arsenic concentration was 654 

)ig/litre, which was a 35.6% removal. Figure 5-49 shows low average UV-A intensities during 

these experiments with only 10% of levels recorded over 30 W/m^ and 235 minutes spent at 

UV-A levels under 20 W/m , which is surprising given that disinfection was faster than 

observed for photolytic experiments which had higher UV-A intensities.
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Figure 5-50 show the results for a starting iron concentration of 5 mg/litre and E. coli 

concentration o f 1 x 10  ̂ CFU/ml. An initial fast disinfection rate was observed, with an 

average 2.4-log removal achieved following an average cumulative UV-A dose o f 10.15 

kJ/litre over 90 minutes. Disinfection then slowed down somewhat with a final average log 

removal of 3.6 after 360 minutes, equivalent to a final UV-A dose of 29.64 kJ/litre. The 

detection limit was not reached during experiments. Compared to the standard photolysis 

curve, it was observed that inactivation was less efficient and a lower removal was achieved. 

The arsenic removal again showed the sharp initial dip seen in the other experiments which 

then tailed off with a final arsenic concentration o f 539 (ig/litre, which was equivalent to a 

46% removal and was significantly higher than the other trials. Figure 5-51 shows mixed UV- 

A intensity levels for experiments with 25% of levels over 30 W/m^ and 165 minutes spent 

under 20 W/m^.
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Figure 5-50 Combined photolysis of E. coli (1 x 10‘ CFU/ml) and arsenic removal with starting As 

concentration of lOOOng/litre and Fe concentration of 5mg/litre.
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Figure 5-51 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for SORAS and solar disinfection in the CPC (As 1000^g/litre, Fe Smg/litre): ■ Combined Trial, 

■ Photolysis.

Table 5-8 shows the average UV-A doses and time required to achieve 1 to 4-log  

reductions during experiments, as well as average UV-A levels and percentage o f time spent 

with levels over 25 W/m^. The table shows that for a 2-log reduction, standard photolytic 

experiments showed the most efficient disinfection in terms o f cumulative UV-A dose, 

followed by the combined experiment which used 15 mg/litre o f  iron. For a 4-log reduction, 

however, the trials with 10 mg/litre o f iron proved to be far more efficient in terms of 

cumulative UV-A dose compared to photolysis, although inactivation took longer. UV-A 

levels were much lower during the 10 mg/litre trials compared to all other trials, however, 

which resulted in low cumulative doses across 360 minutes. In terms o f  time needed for 

inactivation, the 15 mg/litre experiments proved to be the fastest to achieve a 2-log reduction 

but photolysis was faster than all other trials in achieving a 3 to 4-log reduction. The 10 

mg/litre trials were faster than the other combined trials for achieving a 3-4 log reduction.
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Table 5-8 Average UV-A doses and time required to achieve 1 to 4-log reductions during combined 

SORAS and solar disinfection trials.

Photolysis E. 
coli

2,894 4.525 9,168 28,684 48 81 114 206 31.3 57

E. coli: 7 X 10’
CFU/ml
As:
lOOOng/litre 
Fe: 15mg/litre

1.459 5.868 32,846 36,847 
(3,2 log)

13 54 273 360
(3.2 log)

31.9 73.5

E. coli: 1 X 10^
CFU/ml
As:
1 OOOng/litre 
Fe: lOmg/litre

1.564 6,782 10,426 16,154 24 98 145 256 17.3 17,5

E. coli: 1 X to"
CFU/ml
As:
1 OOO^g/litre 
Fe: 5mg/litre

4.349 8.996 22,735 29,643 
(3,6 log)

44 81 261 360
(3.6 log)

24.1 36

Table 5-9 shows the average maximum disinfection coefficients for experiments, calculated 

using GInaFiT, the models of best fit for bacterial inactivation and the percentage arsenic 

removal after 90 and 360 minutes o f exposure. The maximum disinfection coefficient was 

highest (0.74 litre/kJ) for the combined experiment with 15 mg/litre of iron but this iron 

concentration gave the lowest levels o f arsenic removal after 90 and 360 minutes (14.8 and 

24.7% respectively) compared to the other trials. The disinfection coefficients were very 

similar for iron levels of 5 and 10 mg/litre (0.52 and 0.49 litre/kJ respectively) and these gave 

much higher levels of arsenic removal with 38.8% removal after 90 minutes and 46% removal
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after 360 minutes o f exposure for 5 mg/litre o f iron and 22.3% removal after 90 minutes and 

31.4% removal after 360 minutes for 10 mg/litre of iron. The maximum disinfection 

coefficient for photolytic trials was higher than those for combined trials at 0.85 litre/kJ. The 

GlnaFiT inactivation curves for combined trials of SORAS and solar disinfection are included 

in Appendix G.

Table 5-9 Average maximum disinfection coefficients, k,„,„ and arsenic removal for combined SORAS 

and solar disinfection trials.

Photolysis E. coli 0.85 Linear-Tail 0.98 n/a n/a

E. coli: 7x 1 0 ’ 

CHJ/ml

As: lOOOfig/litre 

Fe: ISmg/litre

0.74 Linear-Tail 0.91 14.8 24.7

E. coli: 1 X lO' 

CFt/m l

As: lOOOfig/litre 

Fe: lOmg/litre

0.49 Linear 0.97 22.3 31.4

E. coli: 1 X 10* 

CFU/ml

As: lOOOfig/litre 

Fe: 5mg/litre

0.57, Linear-Tail 0.94 38.8 '̂ 6
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5.2.3. Discussion

For a 3-log reduction in bacterial concentrations, the most efficient disinfection curves were 

observed for trials with iron concentrations of 10 mg/litre and concentrations of E. coli at 1 x 

10  ̂CFU/ml. These trials gave arsenic removal levels of 31.4%, which were midway between 

those achieved with 5 and 15 mg/litre o f iron. Experiments with 15 mg/litre of iron showed 

more efficient initial inactivation (for a 1-log reduction) than was observed with standard 

photolysis of E. coli but tailed off quickly once a 2-log reduction had been achieved. Trials 

with 10 mg/litre of iron displayed more efficient inactivation than photolysis in terms of 

cumulative dose for a 4-log reduction but not in terms of time, taking 256 minutes compared 

to 206 minutes for photolysis. UV-A levels were lower during the 10 mg/litre trials, however. 

At the lowest level of iron tested, 5 mg/litre, disinfection was considerably slower than 

photolysis and other combined trials. The average maximum disinfection coefficients for all 

combined trials were found to be lower than the standard photolytic trials.

It is likely therefore that the increased iron content and hence ROS produced by iron 

photolysis accelerated bacterial degradation initially, as observed for a 1-log reduction during 

10 and 15 mg/litre trials. At lower iron concentrations, however, less ROS would have been 

created to assist the disinfection process and the presence of arsenic may have interacted with 

bacterial inactivation. Rossman et al. (1975) suggested that arsenic can inhibit DNA repair 

mechanisms and leave bacteria more vulnerable to disinfection. It is interesting that the most 

efficient inactivation was observed during trials with 10 mg/litre of iron, when UV-A levels 

were quite low and this would support the theory that iron-generated ROS facilitated bacterial 

inactivation. The process is similar to the Fenton reaction, where hydroxyl radicals are 

generated in the presence o f an iron catalyst and hydrogen peroxide when exposed to light. 

The Fenton process can utilise higher wavelengths than Ti02 photocatalysis (Rincon and 

Pulgarin, 2007a), which may explain the high inactivation levels observed under conditions of 

low UV-A intensity (although other wavelengths would have been at equally low intensities as 

UV-A).

284



Stroboscopic Effects and Arsenic Removal

The arsenic results showed a clear reduction in arsenic removal efficiency to only 20-45 %, 

compared to results which were carried out by O’Farrell (2012) where removal of 90-99.5% 

was achieved (at similar iron concentrations as used during these trials). The removal of 

arsenic observed during photolytic treatment of bacteria also tended to be linear compared to 

exponential removal during trials carried out with just arsenic. It should be noted, however, 

that general experiments on arsenic removal by O’Farrell (2012) were carried out using 

potable water rather than distilled water and so conditions were different. These results 

indicate that bacteria and potentially other organic material present in water can obstruct the 

arsenic removal process, which is an important point for field application of the continuous 

SORAS process. It is also notable that arsenic removal improved with increasing E. coli 

concentrations and decreasing iron content, which may suggest that increased competition 

among bacteria for ROS may have allowed the SORAS process to proceed favourably. 

However, the increased arsenic removal with reduced iron concentrations is a surprising result 

and it is clear from experiments that the interactions between the SORAS and solar 

disinfection process are highly sensitive to changes in both iron and bacteria concentration. 

Further research into the combination of these processes is required to understand the 

mechanisms fully.

5.3. Conclusions

It can be concluded from stroboscopic trials that the introduction of light and dark periods 

to the continuous flow reactors can result in more efficient disinfection than standard 

photolysis both in terms of time and cumulative dose. The most promising regimes appeared 

to be regime #4 and regime #3, which interestingly were the regimes with the highest and 

lowest irradiation areas respectively. However, mixed conditions during experiments suggest 

that all regimes should be investigated further under more consistent UV-A conditions, in 

order to assess conclusively the impact of different irradiated areas and pulse frequencies. 

Stroboscopic regimes were less efficient in the PTC, compared to the CPC, but this may 

largely have been due to the design of the PTC which only allowed it to utilise direct radiation
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while it was facing the sun. More targeted trials using the stroboscopic regimes, conducted 

during the midday period, are recommended with the PTC.

Reactivation was a significant problem following all photolytic trials using stroboscopic 

regimes and therefore further work combining the stroboscopic mechanism with 

photocatalysis is recommended, due to the more encouraging reactivation results obtained 

with trials using fixed Ti02 inserts. The introduction of light and dark periods to a continuous 

system using fixed inserts could result in much greater flexibility in terms o f materials used 

for construction, as dark regions could be made from less expensive plastic materials. This 

could be particularly significant for low illuminated area regimes such as regime #3. It would 

certainly be worth investigating the use of plastic for exposed piping sections, as despite lower 

UV-A transmittance, the reduction in construction costs could be considerable if results were 

favourable. This could also assist local manufacture of reactors in developing countries in the 

long term, where plastic materials would be more readily available than borosilicate glass.

The stroboscopic mechanism had a significant impact on the removal of MS2 in terms of 

cumulative dose but not in terms of time but did not impact the inactivation PR772 or cl>X714. 

This highlights the need to investigate the effects of interrupted illumination on various types 

of microorganism, as the response is unpredictable.

Finally the combination of the SORAS and solar disinfection processes in the CPC resulted 

in lower arsenic removal compared to the standard SORAS process but, at iron concentrations 

of 10 mg/litre, bacterial inactivation was more efficient than standard photolytic trials in terms 

of cumulative dose but not in terms of time for a 4-log reduction. However, the average 

maximum disinfection coefficients for all combined trials were found to be lower than 

standard photolysis kinetic values. The interaction between both processes was not 

conclusively determined during experiments but, despite low arsenic removal levels, fiirther 

trials are recommended using different configurations of iron and bacterial concentration. 

This is particularly important as arsenic removal was observed to increase with increased 

bacterial concentration and lower iron levels, contrary to expected results.
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Chapter 6 - Thermal Synergistic Effects and Thermal Modelling

6.1. Introduction

The thermal synergistic effect between UV light and heat has been well documented in the 

literature and it is believed that at temperatures over 45°C the disinfection kinetics of 

photolysis are greatly improved (Tyrrell, 1976; McGuigan et a i, 1998; Gill and McLoughlin, 

2007; McGuigan et a i, 2012). To this end, it would seem beneficial to achieve a minimum 

temperature of 45°C during solar treatment and in fact a thermal effect is considered to be part 

of the standard SODIS system (Joyce et a i, 1996; McGuigan et a i, 1998). Of particular 

interest is whether this thermal synergistic effect can reduce reactivation and repair of bacteria 

experienced with standard photolytic treatment. This section of the project looks at the 

feasibility of reaching temperatures above 45°C in the continuous flow solar water disinfection 

unit in order to enhance the disinfection process in the system and therefore make it more 

efficient. Initially, the impacts of introducing heat during bench scale experiments on bacteria 

were investigated and heat was then introduced during experiments in the full scale reactor. A 

new parabolic trough collector (PTC) was fabricated in order to investigate an alternative 

design which might improve thermal gain and both the full scale CPC and new PTC reactors 

were tested outdoors and the thermal profile of each was established. This data was then used 

to develop a calibrated model of the thermal behaviour of both reactors from which the 

feasibility of achieving a thermal synergistic effect in the continuous flow system has been 

investigated.

6.2. Bench Scale Thermal Experiments 

6.2.1. Introduction

In order to investigate the impacts of increased temperature on bacteria, a series of 

laboratory bench scale experiments were carried out using Escherichia coli and Pseudomonas 

aeruginosa. E. coli and P. aeruginosa were tested for temperature changes alone, while E.
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coli was tested for temperature changes in the presence of artificial UV light both with and 

without a catalyst being present. E. coli is the standard indicator organism used for faecal 

contamination and has been widely used for solar disinfection experiments. P. aeruginosa 

was found to be resistant to photolytic treatment during photolytic trials outside, as outlined in 

Chapter 4, and is associated with a broad spectrum of infections in humans. It is also 

considered to be a resistant bacteria in terms of general disinfection (McDonnell and Russell, 

1999).

6.2.2. Experimental Set-Up

The effects of temperature changes alone on water contaminated with E. coli and P. 

aeruginosa were examined in bench scale laboratory experiments. All experiments were 

carried out in the dark, so UV radiation could not impact the viability o f the microorganisms. 

The first set of experiments involved gradually heating one litre of room temperature water 

contaminated with the bacteria to be tested to a particular temperature set point over a period 

of two hours, whilst taking samples every ten minutes once heating had begun. Temperatures 

were measured using a calibrated Digiflex® digital thermometer, accurate to one decimal place 

and the rate of heating was approximately 1-1.5 °C/min. Figure 6-1 shows the basic apparatus 

set-up for the experiments. Samples were then plated as per the standard plating method 

outlined in Section 3.3.1 and the bacterial concentration of the water over time during the 

experiment was measured from which the kinetics of disinfection could be determined.

The second set of experiments involved adding 1 ml of bacterial solution, sufficient to 

make a concentration o f 1 x 10  ̂CFU/ml, to one litre o f uncontaminated distilled water pre

heated to a specific set point and maintained at that set point. Samples were taken at regular 

intervals and then plated as per Section 3.3.1.

The third set of bench scale experiments tested the effects o f temperature change in 

addition to exposure to artificial UV-A Ught on bacteria. The experiments involved gradually 

heating one litre of room temperature water contaminated with E. coli to a particular set point
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over a period o f two hours, while exposing the water to artificial UV-A light (see Section 

3.3.3.1 for details). Samples were again taken every ten minutes, plated and bacterial 

concentrations determined.

The final set of experiments tested the effects o f temperature changes, while exposing 

bacteria to UV-A light in the presence of a fixed titanium dioxide (Ti02) photocatalyst. The 

experiments involved gradually heating one litre of room temperature water contaminated 

with E. coli to a particular set point over a period o f two hours, while exposing the water to 

artificial UV-A light. A Ti02 catalyst was sprayed and dried on to the whole inside surface of 

the beaker in which the water was heated, prior to the experiment. The catalyst used was Ti02 

1095™ liquid solution (from Self-clean Air & Surface Treatments Ltd., UK) containing nano

sized titanium dioxide (Ti02) particles. Samples were taken every ten minutes, plated and 

bacterial concentration determined as per the standard method.

T herm om eter

1 litre  Pryex 
B eaker

Hot P later
s tir re r

Figure 6-1 Basic bench scale apparatus set-up. Beaker was covered with opaque material for 

temperature increase experiments and exposed to UV-A light for temperature combined with UV 

experiments.
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6.2.3. Results

6.2.3.I. Effects of Temperature Changes on E. coli and P. aeruginosa

Figures 6-2 and 6-3 show the average decline in bacterial count while E. coli and p 

aeruginosa were heated to various set points. For E. coli the method detection limit of 4 > 

CFU/ml was reached for temperatures above 60°C only, with the temperature being 

maintained for at least 20 minutes. Between 2 and 4-log reductions were observed for 

temperatures over 40°C but only a slight drop in bacterial count was seen at 40“C. An average 

4-log reduction was seen at 55°C but the detection limit was not reached, despite the set point 

being maintained for 80 minutes. (Standard error bars are included for one set of experiments 

only for ease of reading and are indicative of errors observed during other trials.)
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Figure 6-2 Log decline in bacterial count during gradual heating of 1 litre of water contaminated witb 

E. coli to various set points.
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P. aeruginosa showed less heat resistance and the detection limit was reached at 

temperatures above 50°C, with temperatures being maintained for at least 30 minutes. These 

results are surprising as this bacterium is considered to be more heat resistant than E. coli 

(Dejung et al., 2007).

4.5

40degC 

-♦ -4 5 d e g C  

— SOdegC

 55degC

—  60degC

Time (mins)

Figure 6-3 Log decline in bacterial count during gradual heating of 1 litre of water contaminated with 

P. aeruginosa to various set points.

Figure 6-4 shows the average decline in bacterial count of E. coli for sudden temperature 

changes. At temperatures above 55°C an immediate d^op in concentration was seen when the 

water was initially contaminated. At 55°C a 1.5-log reduction was observed immediately, 

while at 60°C a 3-log reduction occurred. The detection limit was not reached however below 

60°C, as was the case with gradual heating. At a temperature o f 60°C, maintenance at this set 

point for 20 minutes was required before the detection limit was reached.
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Figure 6-4 Log decline in bacterial count from 1 x 10‘ CFU/ml when E. coli was added to water at] 

various set points.

Figure 6-5 shows the log decUne in P. aeruginosa when water at temperatures above SOT] 

were contaminated with the bacterium. As was observed with E. coli, an immediate drop in 

concentration occurred when the water was initially contaminated. A 1-log reduction waj 

seen at 50°C, while 3-log reductions were observed at 55°C and 60°C. The detection limit was 

reached at all temperatures, with 50 minutes of exposure needed at 50°C and 30 minutes ofj 

exposure required at 55°C and 60°C.
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Figure 6-5 Log decline in bacterial count from 1 x 10* CFU/ml when P. aeruginosa was added to water 

at various set points.

The experimental results show that for heat treatment alone, temperatures o f at least 55 to 

60°C are required, with an exposure time of at least 30 minutes at this temperature needed to 

ensure disinfection.

6.2.3.2. Effects of Heating E. coli to Various Temperatures, while Exposing 

to UV-A Light

Figure 6-6 shows the decline in bacterial count when contaminated water was gradually 

heated while exposed to a constant intensity of artificial UV-A light (15 W/m ). Although a 

gradual decline was seen in all cases, only at temperatures above 45 °C was the detection limit 

reached and this was observed only when water was maintained at the temperature set point 

for a minimum of 80 minutes. These results tend to confirm the theory that more significant 

inactivation takes place above temperatures of 45“C.
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Figure 6-6 Log decline in bacterial count during gradual heating of E. coli to various set points while 

exposing to UV-A light.

6.2.3.3. Effects of Heating of E. coli to Various Temperatures, while 

Exposing to UV-A Light in the Presence of a Photocataiyst

Figure 6-7 shows that the presence of the fixed catalyst attached to the inside surface area 

of the bottle did not appear to improve disinfection kinetics for temperatures below 45 °C, with 

results similar to those observed without the catalyst present. At 50°C the detection limit was 

reached slightly faster than was observed without the catalyst but no significant difference was 

apparent. At 45°C a slight decline in disinfection performance compared to results without 

catalyst was noted with the detection limit not being reached.
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Figure 6-7 Log decline in bacterial count during gradual heating of E. coli to various set points, while 

exposing to UV-A light in the presence of a fixed Ti02 catalyst.

6.2.4. Discussion of Bench Scale Experimental Results

The bench scale experiments confirm expected results for heat treatment of bacteria, both 

with and without exposure to UV-A light. It is suggested that temperatures above 63°C for 30 

minutes are required for heat treatment of bacteria alone, which allows pasteurisation to take 

place, while high-temperature, short term pasteurisation employed in the dairy industry heats 

milk to 72“C for 15 seconds (Hanson et a i,  2005). However, to ensure disinfection of 

contaminated drinking water it has been recommended by many authors to bnng bactena to 

75°C for 10 minutes (Burch and Thomas, 1998; Jorgensen et a i,  1998).

Figure 6-8 shows the temperature-time relationship for safe pasteurisation of specific 

microorganisms. A safe zone is shown in which all pathogenic microorganisms should be 

inactivated, which requires temperatures above 70°C to be reached. It should be noted that 

viruses can be more heat resistant than bacteria, as was observed by Theitler et al. (2012) for
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the MS2 bacteriophage, which was found to be resistant to heat treatment and irradiation, with 

only a slight synergistic effect observed at a temperature of 59°C.

SAFETY ZONEr -

u
2
a

0.1 100 1.000

\ day I oiomh

Time (boors)

Figure 6-8 Temperature-time relationships for safe water pasteurisation. The temperature (°C) is on 

the vertical axis, and the time (h) is on the horizontal logarithmic axis. The hatched area in the upper 

right is the ‘safe zone’ for all common pathogens. The lines represent safe zones for various specific 

pathogens (Burch and Thomas, 1998).

The introduction of UV-A light to the heating process was shown to impact results 

significantly at temperatures over 45°C, which again confirms findings fi'om other authors 

(Wegelin et a l, 1994; Burch and Thomas, 1998; McGuigan et a i,  1998; Gill and McLoughlin, 

2007). However, the results also show that taking the contaminated water over 50°C is
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preferable, as proposed by Wegelin et al. (1994), as results for 45°C with photocatalyst did not 

reach the detection limit and at 45°C for UV-A treatment alone, 120 minutes was required to 

reach the detection limit.

The introduction of an immobilised titanium dioxide photocatalyst did not appear to 

improve disinfection significantly. This may have been due to the experimental set-up, which 

involved the use of a 1 -litre Pyrex beaker. The surface area covered by the photocatalyst may 

not have been large enough to ensure adequate surface contact with water particles, despite 

constant agitation of the system with a magnetic stirrer. The beaker diameter of 10 cm was 

twice the diameter of the recommended glass tube size for continuous flow solar disinfection, 

however this diameter was comparable with the 2 litre plastic bottle recommended for SODIS 

use, so should not have had a significant impact on transmission. It is possible that the 

titanium dioxide layer may have impacted UV-A transmission slightly, as results at 45°C were 

slightly poorer than results obtained at this temperature without the catalyst being employed.

6.3. Thermal Experiments on Full Scale CPC Reactor

6.3.1. Introduction

A series of indoor experiments using the full scale CPC were carried out in order to 

investigate the effects of gradual heating from room temperature to various temperature set 

points on E. coli and P. aeruginosa, while exposing to UV-A light.

6.3.2. Experimental Set-Up

E. coli and P. aeruginosa were gradually heated to various set points from room 

temperature while recirculating in the fiill scale CPC reactor and exposing to a constant 

intensity of artificial UV-A light (25 W/m^). The CPC reactor was set up as described in 

Section 3.3.3.2 but the bottom reservoir was replaced with a stainless steel bucket, which was 

placed into a Burco water heater for the duration of the experiment and the reactor tubes were 

exposed to UV-A lamps shown in Figure 3-14. The heater was controlled using a simple PID
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control module, manufactured and supplied by Radionics Ltd. (part number, 614-3923). The 

water temperature was measured using a K-type thermocouple (from Radionics Ltd., part 

number 363-0389), which was read by the control module. The controller switched the water 

heater on and off in order to reach and maintain the temperature set point. Samples were taken 

at regular intervals and enumerated using the standard method outlined in Section 3.3.1.

The post-irradiation behaviour of samples was also examined 24 and 48 hours after initial 

sampling in order to assess the impact of temperature and UV-A on bacterial reactivation and 

repair (as per the standard method).

6.3.3. Results

6.3.3.1. E. coli Thermal-UV Disinfection Results

Figures 6-9 to 6-15 show the impact of exposure to artificial UV-A light while gradually 

heating to various set points, ranging from 25 to 55°C. The results reveal some interesting 

points. For temperatures below 35“C, the detection limit was not reached after five hours of 

exposure to UV-A light. However, the majority of the disinfection which was achieved 

occurred in the first hour of exposure, before the temperature set point was reached. As can be 

seen in Figures 6-9 and 6-10, a 3.5-log reduction was achieved in the case o f 25°C and just 

over 3-log reduction was achieved for 30°C experiment after 60 minutes. After this point, 

when the cumulative dose had reached 5.4 kJ/litre, disinfection was very slow, despite fiarther 

increases in temperature and exposure to a total cumulative UV-A dose o f 27 kJ/litre.

Figures 6-11 and 6-12 show that at temperatures o f 35°C and above, the detection limit was 

reached after 120 minutes, corresponding to a cumulative UV-A dose of 10.8 kJ/litre and a 

temperature of 35°C. A 3-log reduction was achieved after 60 minutes for the 35°C 

experiments shown in Figure 6-11, corresponding to a cumulative UV-A dose o f 5.4 kJ/litre 

and an average temperature of 30°C at that point. In the case o f the 40°C experiments, a 4-log 

reduction was observed after 60 minutes, corresponding to an average temperature o f 32°C at 

that point (Figure 6-12).
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Figure 6-9 UV-A disinfection of E. coli while gradually heating to 25"C: (a) log decline v. cumulative 

UV-A dose; (b) log reduction v. sample time.
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Figure 6-10 UV-A disinfection of E. coli while gradually heating to 30“C: (a) log decline v. cumulative 

UV-A dose; (b) log reduction v. sample time.
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Figure 6-11 UV-A disinfection of E. coli while gradually heating to 35®C: (a) log decline v. cumulative] 

UV-A dose; (b) log reduction v. sample time.
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Figure 6-12 UV-A disinfection of E. coli while gradually heating to 40®C: (a) log decline v. cumulative 

UV-A dose; (b) log reduction v. sample time.
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For experiments heating to 45, 50 and 55°C (Figures 6-13 to 6-15), the following points 

were observed. At 45°C, the detection limit was reached after 120 minutes, when an average 

temperature of 44°C had been reached (cumulative UV-A dose 10.8 kJ/litre). In the case of 

50°C and 55°C experiments, the detection limit was also reached after 120 minutes, 

corresponding to an average temperature of 48°C and 55°C respectively. Comparing these 

results to results at lower temperatures, it suggests that at temperatures above 45°C, the 

detection limit will be reached once exposed to 10.8 kJ/litre but the detection limit will not be 

reached below this temperature even when a total cumulative UV-A dose of 27 kJ/litre is 

achieved. Results from Chapter 4 experiments suggest that a cumulative dose of 43 kJ/litre is 

required for complete inactivation o f E. coli during photolysis, with an average starting 

concentration of 5x10^  CFU/ml.
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Figure 6-13 UV disinfection of E. coli while gradually heating to 45"C: (a) log decline v. cumulative UV 

dose; (b) log reduction v. sample time.
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Figure 6-14 UV disinfection of E. coli while gradually heating to 50"C: (a) log decline v. cumulative UV 

dose; (b) log reduction v. sample time.
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Figure 6-15 UV disinfection of E. coli while gradually heating to 55®C: (a) log decline v. cumulative UV 

dose; (b) log reduction v. sample time.
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6.3.3.2. E. coli Post-Irradiation Reactivation and Repair

The post-irradiation results revealed some interesting issues in relation to combining UV-A 

treatment with a heating effect. Figures 6-16 to 6-18 show that the relationship between 

heating set point and post-irradiation reactivation is unclear at treatment temperatures of 50“C 

and below. There does appear to be a diminished recovery after 24 and 48 hours for most 

samples taken at 240 and 300 minutes but the 50°C experiments, for example, showed 

significant reactivation levels after 48 hours for all samples, including those taken at 240 

minutes and 300 minutes. The mixed results suggest that for heat treatment up to 50°C 

combined with UV-A exposure, the phenomenon of reactivation and repair of E. coli is not 

prevented.
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Figure 6-16 Average reactivation levels of E. coli following UV-A disinfection while gradually heating 

to (a) 25”C and (b) 30"C.
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Figure 6-17 Average reactivation levels of E. coli following UV-A disinfection while gradually heating 

to (a) 35“C and (b) 40”C.
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Figure 6-18 Average reactivation levels of E. coli following UV-A disinfection while gradualh heating 

to (a) 45"C and (b) 50”C.
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Figure 6-19 shows the reactivation of E. coli following UV-A and heat treatment to 55°C 

and shows a very marked impact on cell viability at 24 and 48 hours post-irradiation for 

samples taken after 180 minutes. No significant reactivation was observed in samples which 

had received at least 16.2 kJ/litre cumulative dose of UV-A and had been kept at the set point 

of 55°C for a minimum of 60 minutes.
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Figure 6-19 Average reactivation levels of E. coli following UV-A disinfection while gradually heating 

to 55"C (note change in y-scale).

6.3.3.3. Pseudomonas aeruginosa Thermal-UV Disinfection Results

The results obtained for P. aeruginosa varied somewhat to the behaviour seen with E. coli. 

P. aeruginosa displayed an interesting pattern for heat treatment temperatures below 45°C. It 

was observed in Figures 6-20 to 6-23 that bacteria showed a sharp initial decline but in all 

cases a slight recovery of bacteria was seen, although not to the initial concentration. A 

further decline was then observed after this short-lived recovery. The detection limit was not 

reached for temperatures of 40°C and under and the bacteria showed a strong resistance in 

some cases, as can be seen for 30°C and 40°C experiments in Figures 6-21 and 6-23. There 

was also no clear pattern between temperature and decline in bacterial counts below 40°C,

305



Thermal Synergistic Effects and Thermal Modelling

with temperatures o f  25°C showing more significant reduction (2.5-log reduction) than 30°C 

(1.5-log reduction).
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Figure 6-20 UV-A disinfection of P. aeruginosa while gradually heating to 25°C: (a) log decline v. 

cumulative UV-A dose; (b) log reduction v. sample time.
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Figure 6-21 UV-A disinfection of P. aeruginosa while gradually heating to 30"C: (a) log decline v. 

cumulative UV-A dose; (b) log reduction v. sample time.

306



Thermal Synergistic Effects and Thermal Modelling

366

5

no
4

28

3

2

20
1

160
120  180  240  300600 5 10  15 20  25 30

Cumulative UV-A Dose (kJ/litre) ____
Log(Nt/No)

Temp

Log(Nt)

Temp Sample Time (mins)

(a) (b)

Figure 6-22 UV-A disinfection of P. aeruginosa while gradually heating to 35"C: (a) log decline v. 

cumulative UV-A dose; (b) log reduction v. sample time.
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Figure 6-23 UV-A disinfection of P. aeruginosa while gradually heating to 40"C: (a) log decline v. 

cumulative UV-A dose; (b) log reduction v. sample time.
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Above 45°C, however, the recovery phase of bacteria observed at lower temperatures was 

suppressed, suggesting that heat did in fact have an impact on this phenomenon. Figures 6-24 

and 6-25 show that above 40°C, the reduction in bacteria was limited beyond this temperature 

but no recovery o f bacteria was observed as for experiments conducted at 40°C and below. At 

temperatures above 50°C bacteria continued to decline to the detection limit, suggesting that 

the combination o f UV-A and heat at these temperatures significantly impacted bacteria 

(Figure 6-26).
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Figure 6-24 UV-A disinfection of P. aeruginosa while gradually heating to 45“C: (a) log decline v. 

cumulative UV-A dose; (b) log reduction v. sample time.
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Figure 6-25 UV-A disinfection of P. aeruginosa while gradually heating to 50"C: (a) log decline v. 

cumulative UV-A dose; (b) log reduction v. sample time.
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Figure 6-26 UV-A disinfection of P. aeruginosa while gradually heating to 55"C: (a) log decline v. 

cumulative UV-A dose; (b) log reduction v. sample time.
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6.3.3.4. Pseudomonas aeruginosa Post-Irradiation Reactivation and Repair

The post-irradiation reactivation pattern of P. aeruginosa showed high levels of recovery 

after 24 and 48 hours for experiments carried out at temperatures of 50°C and below. l\[o 

significant reduction in reactivation levels was observed below these temperatures, with 

bacteria recovering to at least 4x10^ CFU/ml even after five hours exposure to UV-A light 

equivalent to a cumulative UV-A dose of 27 kJ/litre, as well as heating. The starting 

concentration was typically 1x10^ CFU/ml for these experiments, so the bacterial recovery 

met or exceeded the initial concentration in all cases below 50°C, as can be seen in Figures 

6-27 to 6-29.
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Figure 6-27 Average reactivation levels of P. aeruginosa following UV-A disinfection while gradually 

heating to (a) 25*C and (b) 30"C.
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Figure 6-28 Average reactivation levels o f P. aeruginosa following UV-A disinfection while gradually 

heating to (a) 35“C and (b) 40"C.
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Figure 6-29 Average reactivation levels of P. aeruginosa following UV-A disinfection while gradually 

heating to (a) 45“C and (b) 50“C.
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As was observed with E. coli, however, this recovery was not evident for experiments at 

temperatures of 55°C, as can be seen in Figure 6-30. No significant reactivation was observed 

for samples taken after 4 hours of UV-A and heat treatment, corresponding to a minimum UV- 

A cumulative dose of 21.6 kJ/litre and maintenance at 55°C for a minimum of 120 minutes. 

This suggests that P. aeruginosa requires a more prolonged heating period than E. coli, for 

which 60 minutes beyond 50°C and a cumulative UV dose of 16.2 kJ/Utre was sufficient to 

prevent reactivation.
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Figure 6-30 Average reactivation levels of P. aeruginosa following UV-A disinfection while gradually 

heating to 55"C.

6.3.4. Discussion of Full Scale Thermal-UV Experimental Results

The full scale experiments, combining exposure to artificial UV-A radiation while heating 

gradually to various set points, showed that temperature can have a significant impact on 

achieving full inactivation of bacteria and in preventing reactivation and repair.
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The impact o f heating on disinfection dxiring UV-A treatment was most obvious with E. 

coli, which showed significantly more effective inactivation at temperatures over 45°C. 

Below this temperature fiill inactivation was not achieved. For P. aeruginosa experiments, 

bacteria tended to recover slightly during UV-A treatment for temperatures below 45 °C but 

beyond this temperature any recovery was suppressed. Full inactivation of P. aeruginosa was 

only achieved for temperatures of 55°C, however.

As can be seen from the post-irradiation results for both E. coli and P. aeruginosa, recovery 

of bacteria following treatment with UV-A light was a significant problem, with bacteria 

reaching levels similar to starting concentrations 48 hours after exposure. It should be noted 

again, as was discussed in detail in Chapter 4, that the nature of the bacteria plated after 24 and 

48 hours o f incubation in the dark appeared significantly different to the original colonies. 

The post-irradiation colonies for both E. coli and P. aeruginosa, were observed to grow at a 

much smaller rate creating very small colonies and while propagation was possible, the 

propagated bacterial colonies were also very small. As concluded in Chapter 4, there is a need 

to assess the nature of stressed cells which reactivate after treatment in terms of their 

pathology and viability of the cells in the long term.

The post-irradiation events point to the fact that heat treatment may be an important option 

for prevention o f reactivation and repair of bacteria, which may be a more significant issue 

than faster disinfection rates due to thermal synergistic effects at the time o f treatment. It is 

clear from the results that higher temperatures and cumulative UV-A doses are required to 

prevent recovery than are necessary to cause the initial inactivation of cells during treatment. 

In fact the synergistic effect between solar UV and heat during prolonged exposure to solar 

radiation may explain the absence of reactivation reported for water treated by the SODIS 

method, where water temperatures can reach 55°C during the requisite six hours of exposure 

to sunlight. Theitler et al. (2012) found that for temperatures o f 50°C a synergistic effect was 

evident for treatment of E. coli and that heat treatment also suppressed light-dependent 

recovery of E. coli. In the fiill scale experiments carried out during this research, cumulative
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doses of 5.4 kJ/litre were required beyond the detection limit being reached, while maintaining 

a temperature of 55°C, in order to prevent reactivation.

This suggests that a prolonged heating period while exposing to UV-A radiation may be 

required to prevent recovery of bacteria post-irradiation, which may be impractical for a 

continuous flow system. However, the incorporation of a thermal synergistic effect should 

nevertheless be investigated further as an option for the continuous flow solar water 

disinfection unit, as will be examined in the next section.

6.4. Collector Design for Thermal Application 

6.4.1. Introduction

The development of solar collectors over the past number of years to carry out 

photochemical treatment of water and photolytic disinfection of water has been based on 

standard solar thermal collector design. There has been a huge body of research carried out in 

the optimisation of thermal collectors designed specifically to heat fluids, the most popular of 

which has been the parabolic trough collector (Kalogirou, 2004; Malato Rodnguez et a i, 

2004; Femandez-Garcia et a i, 2010). The major difference between thermal and 

photochemical/photolytic applications is that thermal collectors are normally concentrating 

(i.e. parabolic), whereas collectors for photochemical and photolytic applications are non

concentrating (e.g. the CPC). In addition, photochemical and photolytic applications utilise 

high energy photons in the UV wavelength range and the absorber fluid must be exposed to as 

much radiation in the UV band as possible. This requires an absorber material which is highly 

transmissive to UV radiation and a reflector material which reflects UV radiation efficiently. 

Since heat gain has not generally been a factor in photochemical treatment to date, thermal 

gain and reduction of heat loss has not been a feature of reactors developed for this purpose. 

In thermal applications, however, absorbers tend to be black in order to increase solar 

radiation absorbed and overall solar gain rather than promote UV transmission. Reduction of 

heat losses by using small absorbers and through insulation measures is also a feature of
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thermal collectors. The differing requirements o f both applications have resulted in diverging 

designs in terms of solar collectors for photochemical applications and thermal applications 

(Malato Rodnguez et a i, 2004).

The basic CPC continuous flow solar water disinfection system is designed to maximise the 

UV radiation hitting the water flowing through the absorber and is described in Section 

3.2.3.1. In order to assess possibilities to increase heat gain for each glass tube, while 

maintaining UV transmission and reactor simplicity, a parabolic trough reactor was designed 

and fabricated, as outlined in Section 3.2.3.2. The new design was compared to the standard 

CPC reactor in terms of disinfection performance and heat gain (see Chapter 4 for comparison 

of disinfection performance). The temperature profiles o f both reactors were m.odelled in 

order to determine if the option of creating a solar thermal synergistic effect is feasible in the 

continuous flow design. These results will be discussed and analysed in this section.

6.4.2. Heat Transfer Processes in Thermal Model

A number of heat transfer processes take place within a solar collector which must be 

understood fully in order to model any thermal enhancement to a continuous flow solar 

disinfection reactor. The three main heat transfer processes are radiation, convection and 

conduction and all three can influence the temperature o f water flowing through the reactor.

• Radiation: All materials radiate thermal energy in the form of electromagnetic waves.

When this radiation falls on a second body it may be partially reflected, transmitted, or

absorbed. It is only the fraction that is absorbed that appears as heat in the body.

• Convection-. Heat transfer by convection arises from the mixing of elements of fluid. If

this mixing occurs as a result of density differences as, for example, when a pool of 

liquid is heated from below, the process is known as natural convection. If the mixing 

results from eddy movement in the fluid, for example when a fluid flows through a 

pipe heated on the outside, it is called forced convection. Convection requires mixing
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of elements and is not governed by temperature difference alone, as is the case in 

conduction and radiation.

• Conduction'. In a solid, the flow of heat by conduction is the result of the transfer of 

vibrational energy from one molecule to another, and in fluids it also occurs as a result 

o f the transfer of kinetic energy. Heat transfer by conduction may also arise from the 

movement of free electrons, a process which is particularly important with metals and 

accounts for their high thermal conductivities.

Conduction is the main heat transfer mechanism for solids and is also important for liquids. 

In circulating fluids, however, convective heat transfer processes tend to be much more 

significant. Gases are poor conductors of heat and convection tends to be the dominant heat 

transfer mechanism. Radiation is the only mode of heat transfer that does not require the 

presence o f an intervening medium. Radiant energy is transmitted with only limited 

absorption in gases and without any absorption in vacuo (Coulson et a l,  1999).

Since the solar water disinfection system relies on solar radiation to produce a thermal 

effect, radiation is a key heat transfer mechanism in this system. However, convection and 

conduction also play a significant role. The possible heat transfer processes in the continuous 

flow reactor will now be examined in more detail in terms of the development of a heat 

transfer model for the system.

6.4.2.1. Radiation

Accelerated charges or changing electric currents give rise to electric and magnetic fields, 

which represent the energy emitted by matter as a result o f the changes in the electronic 

configurations o f the atoms or molecules. Electromagnetic radiation can be viewed as the 

propagation of a collection of discrete packets of energy called photons or quanta. Each 

photon of frequency v is considered to have energy of:

, het  = nv = —  (Equation 6-1)
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where h is Planck’s constant = 6.6256 x 10'̂ '* Js.

The type of electromagnetic radiation relevant to heat transfer is thermal radiation which 

includes the portion o f electromagnetic spectrum between 0.1 to 100 ^m i.e. the entire visible 

and infrared spectrum, as well as a portion of the ultraviolet radiation. A body at a 

temperature above absolute zero continuously emits radiation in all directions over a wide 

range o f wavelengths and the amount o f radiation energy emitted from a surface at a given 

wavelength depends on the material of the body, the surface condition and the surface 

temperature.

A blackbody is defined as a perfect emitter and absorber of radiation. At a specified 

temperature and wavelength no surface can emit more energy than a blackbody and energy is 

emitted uniformly in all directions per unit area normal to direction of emission i.e. it is a 

diffuse emitter (independent of direction). A blackbody also absorbs all incident wavelengths 

regardless of wavelength and direction. The radiation energy emitted by a blackbody per unit 

time and per unit surface area is given by:

E,{T) = a r (WW) (Equation 6-2)

where. o = 5.67 X 10'* W/m^. K"*, the Stefan-Boltzmann constant

T = absolute surface temperature (K)

Eb= total blackbody emissive power, which is the sum of the radiation 

emitted over all wavelengths

For objects other than ideal black bodies ('grey bodies') the Stefan-Boltzmann Law can be 

expressed as:

E^{T)^ayr (Equation 6-3)

where e is the emissivity of the object.
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The emissivity of a surface, e, represents the ratio of the radiation emitted by the surface at 

a given temperature to the radiation emitted by a black body at the same temperature for which 

8 =1 .  The emissivity of a real surface is not constant but varies with surface temperature, as 

well as wavelength and direction of the emitted wavelength.

Radiation flux incident on a surface is called irradiation, G. When radiation hits a surface, 

part of it is absorbed, part of it is reflected and the remaining part, if any, is transmitted 

(Figure 6-31). The fraction of irradiation absorbed by the surface is called the absorptivity, a, 

the fraction reflected by the surface is called the reflectivity p, and the fraction transmitted is 

called the transmissivity, x. Most materials are opaque to thermal radiation, such as metals, 

wood and bricks. Radiation is considered to be a surface phenomenon for these materials, 

with thermal radiation emitted or absorbed within the first few microns of the surface. Other 

materials such as glass and water allow visible radiation to penetrate to considerable depths 

before any significant absorption takes place and radiation cannot be considered a surface 

phenomenon since the entire volume or material interacts with radiation. However, both glass 

and water are practically opaque to infrared radiation.

Absorptivity, reflectivity and transmissivity are defined as:

Absorbed Radiation G ,
OL = -----------------------------------     0 < a < l  (Equation 6-4)

Incident Radiation G

Re fleeted Radiation Ĝ f̂
p  - ---------------------------    ^  0< p <1 (Equation 6-5)

Incident Radiation G

Transmitted Radiation G,̂
T  ------------------------------------- = ------  0< T <1 (Equation 6-6)

Incident Radiation G

where G is the radiation energy incident on the surface and Gabs, Gref, and Gtr are the 

absorbed, reflected, and transmitted portions of it, respectively.
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Figure 6-31 Processes undergone by incident radiation to a surface.

The first law of thermodynamics requires that the sum of the absorbed, reflected and 

transmitted radiation energy be equal to the incident radiation.

For opaque surfaces, x = 0 and a  + p = 1.

(Lienhard and Lienhard, 2000; Cengel, 2003).

6A.2.2. Solar and Atmospheric Radiation

The sun can be treated as a blackbody at a temperature of 5780 K, as it tends to display 

idealised blackbody behaviour. The solar energy reaching the earth’s atmosphere is called the 

total solar irradiance Gs, whose value is Gs = 1373 W/m^. This represents the rate at which 

solar energy is incident on a surface normal to the sun’s rays at the outer edge of the 

atmosphere, when the earth is at its mean distance from the sun. Solar radiation undergoes

(Equation 6-7)

This implies that for any absorber material:

a + p + T = \ (Equation 6-8)
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considerable attenuation as it passes through the atmosphere, however, as a result of 

absorption and scattering or reflection (Figure 6-32), weakening the solar energy reaching the 

earth’s surface to about 1000 W/m^ on a clear day and much less on cloudy days. In energy 

fractions, Gs consists of 44% visible light, 3% ultraviolet (with the sun at the zenith, but less at 

other angles), and the remainder infrared. Thus, sunlight's composition at ground level, per 

square meter, with the sun at the zenith, is about 527 W of infrared radiation, 445 W of visible 

light, and 32 W of ultraviolet radiation.

The solar energy incident on the earth’s surface is considered to consist of direct and 

diffiise parts. The part of solar energy that reaches the earth’s surface without being scattered 

or absorbed by the atmosphere is called direct solar radiation Gq. The scattered radiation is 

assumed to reach the earth’s surface normally from all directions and is called diffuse solar 

radiation G<j. The diffuse radiation varies from about 10% on a clear day to about 10C% on a 

totally cloudy day. The total solar energy incident on the unit area of a horizontal surface on 

the ground is:

Gaoler ~  ^  (W/m^) (Equation 6-9)

where 0 is the angle o f incidence o f direct solar radiation.

The solar radiation absorbed by a surface is given by:

^sohr,absorbed  =  ^ solar =  COS0 + G j )  (Equation 6-1'))

The atmosphere emits radiation as well as absorbing it. The atmosphere can be treated as a 

blackbody at some lower fictitious temperature that emits an equivalent amount o f ridiation 

energy. This fictitious temperature is called the effective sky temperature Tsky. From equation 

6.2, the radiation emission from the atmosphere to the earth’s surface is expressed as:

^ s k y - ^ T ^ s k y  (W W ) (Equation 6-11)
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Figure 6-32 Solar radiation travelling through the atmosphere to the earth’s surface (Newport, 2014).

The value of Tsky depends on atmospheric conditions. It ranges from 230K for cold, clear- 

sky conditions to about 285K for warm, cloudy-sky conditions. The effective sky temperature 

does not vary much from room temperature and so the absorptivity of a surface can be taken 

as equal to its emissivity at room temperature, a  = 8.

^sky,absorbed ^̂ sky -  = £0-T̂ ,Ĵ  (W W ) (Equation 6-12)

The net radiation heat transfer to a surface exposed to solar and atmospheric radiation is 

determined from an energy balance:

 ̂net,rad absorbed emitted (Equation 6-13)

A positive result for qnet, rad indicates a radiation heat gain by the surface and a negative 

result indicates a heat loss.

(Lienhard and Lienhard, 2000; Cengel, 2003)
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6.4.2.3. Radiation Processes in a Continuous Flow Reactor

Only a small fraction of the solar radiation reaching the solar collector will actually be 

absorbed by the water and result in heat gain to the water flowing through the system as 

radiation is lost due to reflection and transmission. In addition, the absorption coefficient of 

the borosilicate glass absorber is very low, as is the absorption of radiation in shallow depths 

of water. The following processes determine the amount of radiation which can actually be 

used to heat the water.

Radiation Incident on Absorber

In order to calculate the radiation absorbed by the absorber and water, it is necessary to 

determine the amount of radiation incident on the absorber surface. The term concentration 

ratio is used to describe the amount of light energy concentration achieved by a given 

collector. Geometric concentration ratio is the area of the collector aperture divided by the 

surface area of the receiver. Therefore the concentration ratio, C, can be given by;

C  =
a

iTtr
(Equation 6-14)

where. a = aperture width (m)

r = absorber radius (m)

For the CPC the concentration ratio can also be calculated using:

sin (9,
(Equation 6-15)

where, 0a = half angle of acceptance (degrees)
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Ga,soiar is the solar radiation incident on the absorber and can be calculated by multiplying 

the radiation incident on the collector, Gc.soiar, by the concentration ratio, C, as well as the 

reflectivity of the reflector surface.

Therefore:

^ a , s o t a r  =  P r G c , . s o t a r ~ —  (W W ) (Equation 6-16)
2nr

The reflectivity o f the aluminium reflector is 0.85. The concentration ratio of the CPC in 

this instance is 1 and for the PTC is 2.

Radiation Absorbed by Absorber

The absorber o f the continuous flow solar water disinfection unit is made of borosilicate 

glass, which has a low absorptivity, with as = 0.05. This means that very little of the incident 

solar radiation to the absorber is actually absorbed by the glass tube.

^ s o l a r . a b s o r b e d  a , s o l a r  (W/m ) (Equation 6-17)

Radiation Absorbed by Water

The transmissivity o f the borosilicate glass is high, with ta = 0.92, meaning that 92% o f the 

solar radiation hitting the absorber is transmitted through the glass and reaches the fluid 

flowing through the tube, thus making a high proportion of solar radiation available to the 

fluid for absorption. The amount of solar radiation actually absorbed by the water is 

dependent on the depth of water. Incident light is absorbed by the water itself and any 

coloured material dissolved in it, while particulate matter in the water reflect the light and 

cause a scattering effect. The net result o f these factors is an attenuation of light intensity as it 

travels through the water. The light intensity or solar radiation travelling through water can be 

calculated using the Beer-Lambert Law, which states that light decreases exponentially with 

distance and can be represented by the negative exponential equation:
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o

I (z) = Î e (Equation 6-18)

where, lo = intensity of light striking water (W/m^)

I = intensity of light transmitted through water (W/m^)

z = distance that light travels through water (m)

Ke= light extinction coefficient of water (/m)

The fraction of the incoming Ught that is transmitted through the substance, I/Iq, is the 

transmissivity, x. This application of the equation to the amount of solar energy absorbed by 

water is complicated by the fact that solar radiation is made up of electromagnetic radiation 

over a spectrum of UV, visible and infrared wavelengths, and the light extinction coefficient 

of the water varies with the wavelength of the incident light (Ji, 2008).

A further form of this equation is:

^ s o / a r ( ^ )  =  ( 1  ~  P ' ^ ^ s o l a ^  (W/m )̂ (Equation 6-19)

where. Fa = fraction of solar radiation absorbed immediately at the surface

Gsoiar = solar radiation intensity at the surface of the water (W/m^)

Ke = extinction coefficient (/m)

z = distance light travels through water (m)

Conservative values for Fa of 0.04 and 0.1 and Ke of 0.3 and 0.5 m ’ were used, when 

modelling conditions in Ireland and Kenya respectively (Cahill, 2004; Misstear, 2010).
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6.4.2A. Convection

The major convection processes in the continuous flow solar water disinfection unit involve 

convection between the absorber and the ambient atmosphere. Natural convection on a 

surface depends on the geometry of the surface as well as its orientation. It also depends on 

the variation of temperature on the surface and the thermophysical properties of the fluid 

involved. The absorber is continuously losing heat to the ambient (or gaining heat if  the 

ambient is hotter than the absorber) through natural convection. The rate of natural 

convection from a solid surface at a uniform temperature Ts to the surrounding fluid is 

expressed by Newton’s law of cooling as:

Qco.. =  H  (Ts -  (W) (Equation 6-20)

where. As = heat transfer area (m^)

h = local heat transfer coefficient (W/m^ °C)

Ts = surface temperature of the absorber (°C)

Tamb = ambient temperature (°C)

The local heat transfer coefficient, h, is given by:

, k
h = ------  (Equation 6-21)

DNu

where, k = thermal conductivity o f air at film temperature (W/m°C)

D = outer diameter of the pipe (m)

Nu = Nusselt number (dimensionless)

Thus convective heat loss or gain for a cylinder o f radius, r, and length, L, with heat 

transfer coefficient, h, can be calculated using;
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a
T - Ts amb

conv.cylinder R
(W) (Equation 6-22)

conv.f^l

where,

R
1

conv,cyl (2m-L)h
(Equation 6-23)

The Nusselt number for horizontal cylinders at surface temperature Tg and diameter D can 

be calculated from:

0.387Rau 
Nu = ^0.6+  ^

1/6

(Equation 6-24)

Ran is the Rayleigh Number given by;

Ra^ = (Equation 6-25)

where, Pr = Prandtl Number of air at Tf

g = acceleration due to gravity = 9.81 m/s

D = outer diameter of the pipe (m)

Ts = surface temperature o f the pipe (°C) 

Tamb = ambient temperature (°C)

V = viscosity (m /s)

P = 1/Tf

Fluid properties are determined at film temperature;
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(Equation 6-26)

(Coulson et a l ,  1999; Cengel, 2003)

6.4.2.S. Conduction

If steady state heat conduction through the glass absorber is considered, heat is 

continuously transferred through the wall o f  the tube. Heat transfer through the tube takes 

place in a direction normal to the tube surface and there is no significant heat transfer in other 

directions. The wall o f  the absorber tube in this instance, with a small thickness o f  1.8 mm, 

separates two fluids at different temperatures and thus there is a temperature gradient in the 

radial direction. If the fluid temperatures inside and outside the tube remain constant, then 

heat transfer through the pipe is steady and one-dimensional, where the rate o f  heat transfer 

into the tube is equal to the rate o f  heat transfer out o f  the tube, i.e. heat transfer is constant.

For a long cylindrical layer o f  inner radius ri and outer radius X2, length L and average 

thermal conductivity k, where the two surfaces o f  the cylinder remain at constant temperature 

Ti and T2, Fourier’s Law o f  heat conduction for heat transfer through the cylindrical layer can 

be expressed as:

Qcond,cylinder (W) (Equation 6-27)

where A = I tctL is the heat transfer area and varies in the direction o f  heat transfer.

This can be expressed as:

Qcond,cylinder
Sumner

(W) (Equation 6-28)
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_  ln (r, / r ,
where, cond̂ cyi '2,7ikL

Rcond.cyi IS the thermal resistance of the cylindrical layer against heat conduction.

For this particular application, conduction losses were not considered, as it was not possible 

to accurately measure the difference between the inner and outer surfaces of the glass tube to 

allow a meaningful estimation of conduction heat losses. In addition, at the temperatures 

involved, conduction losses would have been small compared to the more significant 

convection losses (Rabl et a l, 1980).

The boundary layer develops when a fluid flows over a surface and that part of the stream 

which is close to the surface suffers a significant retardation. The velocity of the stream 

increases from zero at the surface to a near constant stream velocity at its outer boundary. 

When a fluid flows over a surface which is at a different temperature, heat transfer occurs and 

a temperature profile is established in the vicinity of the surface. Temperature gradients are 

likely to be highest in the vicinity of the surface (Coulson et a l, 1999). Heat transfer 

mechanisms at the boundary layer are complex, including conduction and convection, and it 

was not possible to model this given the limitations of temperature measurement at the surface 

of water and absorber. The effect was also considered to be small in comparison to the 

dominant heat transfer mechanisms in the overall system.

6.4.2.6. Modelling the Overall Heat Gain of Reactor Systems

The thermal model took into account the major heat transfer processes taking place in the 

CPC and PTC. The model accounted for the following processes and used the equations 

outlined from Section 6.4.2.2 to Section 6.4.2.4 to calculate each component:

• Total radiation incident on the receiver and absorber

• Total radiation absorbed by absorber and water
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•  Convective heat transfer between absorber and ambient

In order to quantify the total heat gain o f a system, the conservation o f energy equation for 

the steady flow o f a fluid in a tube can be expressed as:

Q = fnCp -  T.„ ) (Equation 6-29)

where, Tout = mean fluid temperature at the outlet o f the tube (°C)

Tin = mean fluid temperature at the inlet o f the tube (“C)

Q = rate o f heat transfer to and from the fluid (W)

rh = mass flowrate (kg/s)

Cp = specific heat capacity o f  fluid (kJ/kg K)

Thus the heat transfer to a fluid flowing in a tube is equal to the increase in energy o f  the

fluid. Similarly, the operation o f any solar thermal energy collector can be described as an

energy balance between the solar energy absorbed by the collector and the thermal energy lost 

from the collector.

The thermal model treated the reactor system as a single heat transfer unit, operating at a 

steady water flowrate, rh, with inlet and outlet temperatures, Ti„ and Tout, and overall system 

heat gain Q, as shown in Figure 6-33. The model only looked at the thermal processes taking 

place within the reactor itself and excluded the rest o f the recirculating system, including 

pipework, pump and upper and lower reservoirs. Complex heat transfer processes would have 

been taking place in these areas o f the system, which would not have been possible to model 

and measure accurately. In addition, in terms o f understanding the once-through capacity of 

the reactors, the model boundary chosen was the most appropriate option as it looked directly 

at changes in fluid temperature across the unit. Measured model parameters included inlet and
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outlet water temperatures, ambient air temperature, water flowrate (which was constant) and 

solar radiation.

Q  = mCp{T<Mit-Tin)
Upper 
Reservoir

mCpTin

Solar Reactor

mCpTout

Lower Reservoir

Figure 6-33 Thermal model boundary.

A flow diagram of the model calculation steps is shown in Figure 6-34. Data 

measurements were taken every 3 seconds and an Excel spreadsheet was set up which 

completed the calculations shown in Figure 6-34 for each set of measurements. This enabled a 

profile to be formed of the measured outlet temperature and the outlet temperature estimated 

using the model. (See Appendix H for outline of excel spreadsheet.)
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Limitations of the thermal model included the following:

• Steady-state conditions were assumed but as solar intensity is highly changeable, 

except on the most stable sunny days, steady-state conditions were not achieved.

• Conduction losses were not considered, although these were deemed to be small for 

the given operating conditions.

6.4.1. CPC and PTC Temperature Profiles and Model Calibration

The CPC and PTC were both fitted with platinum resistance temperature probes (Radionics 

PtlOO Class B sensor) at the inlet and outlet o f the reactor. The ambient temperature was 

recorded using a K.-type thermocouple (Radionics 363-0389). Direct and diffuse solar 

radiation reaching the reactors was measured using Kipp and Zonen CM 11 pyranometers 

located beside the reactors (see Chapter 3 for full instrumentation details). The steady state 

recirculating flowrate of both reactors was measured and the temperatures and solar radiation 

data were recorded over several days during the summer to establish a baseline thermal 

profile. The data was used to model the thermal behaviour of both reactors and establish a 

relationship between inlet and outlet temperatures for a given inlet water temperature, ambient 

temperature and solar irradiance.
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Figure 6-34 Thermal model flow diagram.
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6.4.1.1. Instrumentation Set-Up and Calibration

Initially the system was set up using K-type thermocouples to measure the inlet and outlet 

temperatures of both reactors, with thermocouples fitted at the bottom of the inlet reservoir 

and in the outlet pipe. The results obtained, however, did not reveal a meaningful temperature 

difference between inlet and outlet, suggesting that the degree of accuracy of the thermocouple 

was not high enough to measure the small temperature difference being created across the 

reactor, which was less than 1°C. In addition, the position of the inlet thermocouple in the 

inlet reservoir was considered to be inaccurate, considering that other heat transfer 

mechanisms would have been taking place in that environment. These would include 

convection currents within the reservoir and convection and radiation processes betw^een the 

reservoir and the ambient. In this respect the temperature at the reservoir may not have been 

representative of the inlet temperature to the reactor.

In order to rectify these issues and obtain a meaningful measurement of reactor inlet and 

outlet temperature, it was decided to use more accurate platinum resistance temperature 

probes. The probes were calibrated to a 0.02°C degree of accuracy and probes were placed 

directly at the inlet and the outlet of both CPC and PTC. Temperatures from the probes were 

recorded every 3 seconds by an Agilent 34970A data logger unit. The timing of temperature 

measurements were set up to coincide with solar radiation measurements being taken by the 

pyranometers. The temperature probe readings and solar radiation were then used to verify 

the thermal model. It should be noted that a more significant amount of data was collected 

with the thermocouples than with the temperature probes and although this was not useful for 

verifying the model, this information was helpfiil in showing the general profile of the outlet 

temperatures of the reactors over the course of a day to an accuracy of about 1°C.

6.4.1.2. Thermal Profiles of CPC and PTC

The outlet temperatures of the CPC and PTC were monitored over the course of the 

summer 2013 using thermocouple temperature measurement, to compare differences in
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thermal performance and to quantify the expected improvement in thermal gain using the 

parabolic reflector designs. The analysis of the temperature profiles over the period of a day, 

where both reactors were continuously recirculating assumes that the heat losses and gains 

from upper and lower reservoirs, as well was from system pipework outside of the model 

boundary was the same for both reactors and so any heat loss or gain over time in this area of 

the system would be similar for both and therefore would not impact a comparison of 

operating temperatures.

Two examples of the outlet temperature profiles measured by thermocouples of the CPC 

and PTC are shown in Figure 6-35 and 6-36. The first example is a sunny day in July with 

low levels of diffuse radiation (10%) and peak global radiation at 840 W/m . The second 

example is a mostly cloudy day in July, with very little direct sunlight. In Figure 6-35 it can 

be seen that between 12:00 and 14:00 both reactors operated at similar oudet temperatures. 

Prior to this time however, the CPC ran at up to 2°C higher than the PTC. However, after 

14:00, the PTC tended towards a slightly higher oudet temperature for a further two hours to 

16:00, with outlet temperatures up to 1°C higher than the CPC. A similar trend was observed 

on other days with high levels of direct solar radiation, although the increase in PTC 

temperature to temperatures higher than the CPC beyond 14:00 was not consistently observed. 

Figure 6-36 shows the outlet profiles for a cloudy day in July. The CPC operated at a 

consistently higher outlet temperature throughout the day (up to 2°C higher), even during the 

midday period, showing its ability to utilise diffuse radiation more effectively than the PTC.
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Figure 6-35 Outlet temperature profiles of CPC and PTC on a sunny day with low diffuse solar 

radiation.
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Figure 6-36 Outlet tem perature profiles of CPC and PTC on an overcast day with little direct solar 

radiation.
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The temperature profile results show that during periods of consistent sunshine, the CPC 

performed better thermally than the PTC before 12:00, operating with a higher outlet 

temperature. Both reactors were positioned in an east-west direction and tilted at the angle of 

latitude (53°21’), giving them the optimum position for this location during the summer 

period. The non-tracking nature o f the PTC compromised its efficiency considerably, 

however, and even tracking PTCs experience significant inefficiencies outside the midday 

period due to the fact that the sun hits the reflector at an angle during these times. From 12:00 

to 14:00 both reactors were facing the sun directly and a significant improvement in thermal 

performance was observed with the PTC. Surprisingly the PTC continued to perform well 

throughout the afternoon up to 16:00, despite the fact that the sun was no longer directly 

facing the reactor at this point. The overcast day of mostly diffuse radiation revealed the 

major limitation of the parabolic design in that it did not utilise diffuse radiation fully. It 

should be noted, however, that although the PTC had the same overall collector area as the 

CPC, it was operating with 5 glass tubes as opposed to 10 glass tubes in the CPC and had an 

overall recirculating volumes of 30 litres compared to 40 litres in the CPC.

Stagnation Temperature

The temperature of an absorber will increase until the heat loss from the absorber, mainly 

through convection loss, equals the absorbed solar energy. The temperature at which this 

occurs is termed the collector stagnation temperature. Heat losses from the receiver can be 

reduced by operating the system at temperatures close to ambient temperature but for higher 

operating temperatures, the collector design needs to be modified to reduce heat losses (see 

Section 6.4.4).

The temperature profiles of the CPC and PTC on days with high solar radiation revealed 

that at higher temperatures, both reactors tended to reach a stagnation point, where it was no 

longer possible to heat the system and outlet temperatures were lower than inlet temperatures 

at this point, revealing high convective heat losses to the ambient. Figure 6-37 shows outlet 

reactor temperatures (measured by platinum resistance temperature probes) reaching
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stagnation with a stagnation temperature of 37°C for the CPC and 41.5°C for the PTC, for an 

average ambient temperature of 25°C and solar intensity of 680 W/m^. Similar stagnation 

temperatures were observed on other days of high direct solar radiation, as can be seen in 

Figure 6-35.

From the results observed for fine weather days in Ireland, the stagnation temperature for 

the CPC was observed to be an average of 10°C above ambient while the stagnation 

temperature for the PTC was an average of 13°C above ambient. It should be noted, however, 

that in general the solar radiation levels were declining after already reaching peak midday 

sunshine when the reactors appeared to reach stagnation, which would result in a decreasing 

heat gain.
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Figure 6-37 Stagnation of heat gain for CPC and PTC.

The PTC revealed a higher stagnation temperature than the CPC, which can be attributed to 

the reduced number of tubes in the system and therefore more limited area for convective heat 

loss to occur. In fact one of the most common methods of reducing absorber heat loss at
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elevated temperatures is to reduce the size of the absorber, since heat loss is directly 

proportional to the area o f the hot surface exposed (Stine and Geyer, 2001).

6.4.I.3. Thermal Model Results for Irish Data

The model was set-up according to equations outlined in Sections 6.4.2.2 to 6.4.2.4 and as 

outlined in the flow diagram in Figure 6-34. (See Appendix H for an outline of the excel 

spreadsheet.) Measured values of inlet and outlet water temperature, ambient temperature and 

direct and diffuse solar radiation were used to calculate the overall heat gain of water for each 

time step of 3 seconds, corresponding to data logging times. The overall heat gain o f the 

water was taken to be the radiation absorbed by the absorber and water plus or minus the 

convection between the absorber and the ambient atmosphere. Each heat transfer component 

was calculated according to the appropriate equations and the measured outlet temperatures 

from CPC and PTC were compared to the theoretical outlet temperature as calculated by the 

model. Overall values of heat gain (Q i„) were also predicted from the model and compared to 

that calculated with data collected from temperature probes and pyranometers. Coefficients 

which were used to calibrate the model included the extinction coefficient for water 

absorption, Ke, the reflectivity o f aluminium, p, and the local convection heat transfer 

coefficient, h. (See Appendix H for the values used.) Since the model boundary excluded 

heat losses and gains in the reservoir and pumping systems, as shown in Figure 6-33, only the 

heat transfer processes occurring between the inlet and outlet of the reactor were considered.

The model assumes steady state conditions and so it was only possible to verify results 

from the limited number of days which had periods o f stable sunshine, which although not 

quite steady state, approached steady state. The model predicted the outlet temperature to an 

accuracy of 0.05°C in periods o f steady solar intensity and to an accuracy of up to 0.15°C in 

more unsteady conditions. It should be stated that given the very small temperature differences 

being measured, however, which were up to 0.35°C, and the limited 0.02°C accuracy of 

temperature probes, achieving a high level of accuracy was very difficult. An inherent error o f
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5% was present for temperature differences o f 0.35°C given the instrumentation limitations 

and this error was higher for lower temperature differences.

Typical results for the CPC model are shown in Figure 6-38 to 6-41. The day in question 

had periods of relatively stable solar radiation with some fluctuations due to passing cloud 

cover. Figure 6-38 shows that the model follows the measured outlet temperature values 

accurately (+/- 0.05°C) during steady sunshine but any solar radiation fluctuations are 

reflected in the model values.
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Figure 6-38 Model and measured outlet temperature for CPC over 2-hour period, during periods of 

both consistent and fluctuating solar radiation intensity.

The overall heat gain was compared by calculating the measured heat gain using the 

equation Q = - 7 ’„)with measured values of Tout, Tin and mass flowrate and plotting

this against the model predicted heat gain, calculated from the pyranometer readings, as 

outlined in Figure 6-34. Figure 6-39 shows the predicted heat gain, Qi„, across the same time 

period and again, fluctuations in the model prediction correspond to solar radiation
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fluctuations. In general, however, it can be seen that the predicted heat gain reflects the 

measured value to an accuracy of 25 to 50 W, which represents a 15-30% error. Again, given 

the inherent error in the temperature measurements due to the small temperature differences 

being measured, this error was unavoidable.
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Figure 6-39 Model heat gain and measured heat gain over 2-hour period of fluctuating and consistent 

solar radiation intensity.

Figure 6-40 shows a ten minute period of relatively stable solar radiation at midday. The 

model was generally accurate to 0.05°C of the measured outlet temperature but a fluctuation of 

100 W/m^ caused a slight drift in the model (Figure 6-41).
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Figure 6-40 Model and measured outlet temperature profile for CPC over 10-minute period of 

relatively steady solar radiation intensity at midday.
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Figure 6-41 Difference between model and measured outlet temperature for CPC over 10-minute 

period of relatively steady solar radiation at midday.
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The model and measured profiles for the PTC were also oberved for this period o f time in 

Figure 6-42 to 6-45. It should be noted that the model accounted for the fact that the 

alumimium reflectors for the parabolic reactor were not as highly polished as those used for 

the CPC, and so the solar radiation incident on the absorber would have been impacted. A 

reflectivity of 0.75 was used compared to 0.85 in the CPC. The model predicted PTC 

behaviour accurately for measurements from the midday period but prior to this a discrepancy 

was observed between the model and measured values of outlet temperature and heat gain, as 

shown in Figures 6-42 and 6-43, due to the non-tracking nature of the reactor. It can be seen 

that the PTC experienced overall heat loss before midday, showing again the inability of this 

design to perform thermally outside midday hours without a tracking system. (Note: it is 

possible to adjust the model to reflect the heat losses outside the midday period, however, the 

non-adjusted values are used here as a comparison to indicate potential heat gain for a tracking 

PTC system during these times.)
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Figure 6-42 Model and measured outlet temperature for PTC over 2-hour period, during periods of 

both consistent and fluctuating solar radiation intensity.
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Figure 6-43 Model heat gain and measured heat gain for PTC over 2-hour period of fluctuating and 

consistent solar radiation intensity.

Around the midday period, the model was observed to predict behaviour to an accuracy of 

about 0.05°C apart from a fluctuation o f 100 W/m^ in solar radiation, which reduced accuracy 

to O.I°C (Figure 6-44 and 6-45). The drop in measured outlet temperature due to the slight 

drop in solar radiation level was observed to be delayed more in the PTC than in the CPC, 

showing again that PTC retains heat better than the CPC due to the reduced number of tubes 

and hence reduced convection losses.
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Figure 6-44 Model and measured outlet temperature profile of PTC over 10-minute period of relatively 

steady solar radiation intensity at midday.
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Figure 6-45 Difference between model and measured outlet temperature for PTC over 10-minute 

period of relatively steady solar radiation at midday.
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Temperature Differences Across Reactors

Figure 6-46 shows the measured temperature differences across the CPC and PTC for the 

same midday period as previously, with the CPC maintaining a slightly higher temperature 

difference (0.1°C higher) than the PTC. This is significant, as the PTC would be expected to 

give higher temperature differences when in direct sunlight, due to its higher concentration 

ratio. However, given the reduced number of tubes in the PTC, the temperature difference 

achieved compares well to the CPC. (Note: fluctuations in the PTC temperature values are 

most likely due to the slightly higher constant flowrate of 10.4 litre/min in this reactor, which 

would create higher turbulence compared to CPC flowrate of 9.6 litre/min.)
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Figure 6-46 Measured difTereiice between iniet teniperanire and outlet temperature in (̂ a) CPC and (b) 

PTC at 12:00 on 03/08/13.
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6.4.I.4. Predicted Scenarios for PTC and CPC Reactors

Four different scenarios are presented in this section using the thermal model in order to 

determine if the basic CPC and PTC once-through continuous flow reactor designs, as well as 

modifications to these, are capable o f achieving the temperatures necessary for a thermal 

synergistic effect during photolytic treatment.

Standard CPC and PTC Design for Ambient Temperature o f  3<f C

The validated model was used to predict CPC and PTC temperature profiles for a 

developing country scenario, with an inlet water temperature of 25°C, ambient temperature of 

30°C and steady flowrate of 10 litre/min through the reactor. The outlet temperature was 

predicted for constant global solar radiation intensities o f 1100 to 500 W/m .

Figure 6-47 shows the predicted CPC outlet temperature for up to 200 tubes, which is the 

equivalent of 20 panels and overall illuminated area o f 48 m . The results are somewhat 

disappointing in that the increase in temperature is not significant enough to produce any 

potential thermal synergistic effect (i.e. temperatures over 50°C as discussed earlier in Section 

6.3.4). Figure 6-48 shows the same scenario for up 100 panels, where only intensities over 

1000 W/m^ are predicted to reach temperatures over 50°C. These results are consistent with 

what was observed during trials in Ireland, however, where stagnation temperatures were 

observed to be about 10°C above ambient temperature for the CPC.
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Figure 6-47 Predicted CPC outlet tem perature for various solar intensities -  20 panels.
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Figure 6-48 Predicted CPC outlet tem perature for various solar intensities -  100 panels.
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The PTC is predicted to produce similar outlet temperature results to the CPC, for an 

illuminated area of 48 m^, as can be seen in Figure 6-49. This model was based on results 

obtained when the PTC was facing the sun for the 2 hour period around midday and assumes 

the PTC to be non-tracking. For a larger illuminated area o f 500 tubes, which is equivalent to 

the same illuminated area as 1000 CPC tubes, the PTC is predicted to reach higher 

temperatures than the CPC, as shown in Figure 6-50. The CPC produced results of between 

38 and 47°C for solar intensities from 500 to 1100 W/m^, compared to temperatures between 

42 and 56°C for the same conditions and the same illuminated area in the PTC. This is due to 

the reduced convection losses as a result of using half the number of tubes as the CPC, as well 

as more efficient use of direct solar radiation. Again the stagnation temperature is as expected 

at about 13°C above ambient for a solar intensity of 600 W/m^, which compares to the results 

observed in Ireland.
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Figure 6-49 Predicted PTC outlet temperature for various solar intensities -  20 panels.
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Figure 6-50 Predicted PTC outlet tem perature for various solar intensities -  100 panels.

CPC and PTC Design with Reduced Convection Losses

The model was modified to predict the CPC and PTC behaviour for a design with reduced 

convection losses. The design would use a thin transparent cover placed on top of the 

reflector, with the collector trough sealed to reduce convection losses by 50%. The cover 

would also reduce solar radiation transmission to the reflector by 8%, as estimated from Rabl 

et al. (1980) and Oommen and Jayaraman (2001). Figure 6-51 shows that at lower operating 

temperatures achieved by 200 tubes, the reduction in convection heat loss is cancelled out by 

the reduction in solar radiation incident on the absorber due to reduced transmission through 

the cover. However, at higher operating temperatures, shown in Figure 6-52, it is clear that 

the reduced convection heat loss has a big impact. A 7“C difference in temperature is 

observed at 500 W/m^ and 21°C difference at 1100 W/m^ compared to standard CPC design. 

However, the large number of tubes required to reach these temperatures is not a practical 

option. In addition, based on assumptions made by Gill and Price (2010) for the cumulative 

UV-A dose required to achieve inactivation o f highly contaminated water in a similar
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continuous flow reactor, the required dose would be reached after passing through 80 tubes at 

an intensity o f 500 W/m^, while a maximum temperature of only 46°C is achieved with 1000 

tubes at this intensity according to the model.
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Figure 6-51 Predicted CPC behaviour for reduced convection losses -  20 panels.
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The PTC also shows no significant improvement in outlet temperature at the lower 

temperatures achieved with 20 panels, as can be seen in Figure 6-53. At the higher 

temperatures produced by 100 panels, however, an improvement of 4°C can be seen for 500 

W/m^ and 12°C for 1100 W/m^, as shown in Figure 6-54. The improvement is significantly 

less than that predicted for the CPC, compared to the standard design, as the PTC is already 

more efficient in terms of convection losses due to the smaller number of tubes. As for the 

CPC design, however, the large area required to reach higher temperatures makes this design 

impractical.
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Figure 6-53 Predicted PTC behaviour for reduced convection losses -  20 panels.
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Figure 6-54 Predicted PTC behaviour for reduced convection losses -  100 panels.

CPC and PTC Design with Increased Concentration Ratio and Aperture Diameter

The model was modified for a CPC with concentration ratio of 2 and aperture diameter of 

32 cm (twice the size of the standard CPC design). The same measures for reduced 

convection loss, which also result in reduced radiation transmission, were included in the 

model as previously. Figures 6-55 and 6-56 show the temperature profile of the oversized 

CPC, with reduced convection losses. The results are again disappointing in that temperatures 

required to achieve thermal synergistic effects are not reached within a reasonable surface 

area. 200 tubes in this case is equivalent to 96 m^ and at least 288 m^ is needed to ensure 50°C 

is reached for intensities of 500 W/m^ and 125m^ for intensities of 11 GO W/m^.
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Figure 6-55 Predicted oversized CPC outlet tem perature for reduced convection losses -  20 panels.
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Figure 6-56 Predicted oversized CPC outlet tem perature for reduced convection losses -  100 panels.
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The PTC was modelled with an increased aperture diameter of 96 cm and concentration 

ratio of 6 (three times the size o f the design used during trials), including reduced convection 

losses. Figures 6-57 and 6-58 show the temperature profile of the PTC, with reduced 

convection losses. 100 tubes in this instance is equivalent to 144 m and significantly 

temperatures required to achieve a thermal synergistic effect are not reached at intensities 

below 1000 W/m^ for this illuminated area. While these results show that reaching 

temperatures of 50°C are not a practical option for this application, given the very large areas 

required, they illustrate that the limiting factor to thermal gain when convection losses are 

reduced is the overall illuminated collector area as opposed to the illuminated absorber area, as 

similar areas are required for the large CPC and PTC, despite fewer tubes in the PTC design. 

600 tubes, equivalent to 288 m^, is required to reach 50°C at 500 w W  in the oversized CPC, 

while 200 tubes in the large PTC design, also equivalent to 288 m^, is sufficient.

u
bOu

■o

u
3
n

■ 1100 W/m2

■ 1000 W/m2 

•900W/m2 

■800W/m2 

■700W/m2 

•600W/m2 

•500W/m2

20
0 10 20 30 40 50 60 70 80 90 100 Tamb = 30degC

Tin = 25degC
Num ber of Tubes Flow = 10 litres/min

Figure 6-57 Predicted PTC outlet temperature for concentration ratio of 6 and reduced convection 

losses -  20 panels.
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Figure 6-58 Predicted PTC outlet tem perature for concentration ratio of 6 and reduced convection 

losses -1 0 0  panels.

CPC and PTC with First 20 Tubes Black

The major source of heat gain for both reactors is solar radiation collected by the overall 

irradiated area. Therefore in terms of thermal gain, the main constraint of both CPC and PTC 

reactors is the very low absorptivity o f borosilicate glass, which only absorbs 5% of the 

radiation hitting the absorber surface. This is compounded by the high transmission of 

radiation through a small depth of water. Thermal concentrators generally use small diameter, 

black tubes which maximise absorbance and reduce convection losses.

Therefore as a final attempt to identify if reaching temperatures o f at least 50“C in a 

continuous flow system is feasible, the model was modified to use black tubes (with high 

absorptivity) for the first 20 tubes before introducing clear glass tubes to the system. The 

model assumed an absorptivity of 0.9 for the black tubes and high conductivity through the 

absorber material. The results for the standard CPC design with the first 20 tubes black are 

shown in Figure 6-59 and for the modified design with concentration ratio of 2 and low
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convection losses in Figure 6-60. Neither CPC design shows sufficiently high temperature 

gain, although the graphs clearly show the hugely improved thermal performance o f  black 

tubes.
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Figure 6-59 Predicted standard design CPC outlet tem perature with first 20 tubes black -  20 panels.

42
40
38
36
34
32
30
28
26
24
22

1100 W/m2

1000 W/m2

900W /m 2

800W /m 2

700 W /m2

600W /m 2

500W /m 2

Tamb = 30degC 
Tin = 25degC 
Flow= lO litres/m in

Number of Tubes

Figure 6-60 Predicted CPC outlet temperature with first 20 tubes black, concentration ratio of 2 and 

reduced convection losses -  20 panels.
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The results for the standard PTC design with the first 20 tubes black are shown in Figure 

6-61 and also for the modified design with concentration ratio of 6 and reduced convection 

losses in Figure 6-62. The standard PTC again does not show sufficiently high thermal gain to 

reach temperatures required for thermal synergistic effects but the large PTC with 

concentration ratio of 6 shows that temperatures of 50°C can be reached for intensities over 
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Figure 6-61 Predicted standard design PTC outlet temperature with first 20 tubes black -  20 panels.
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Figure 6-62 Predicted PTC outlet temperature with first 20 tubes black, for concentration ratio of 6 

and reduced convection losses -  20 panels.

If the number of black tubes is increased to 30, as shown in Figure 6-63, temperatures of 

50°C are feasible for all intensities above 600 W/m^. However, these predictions assume 

optimum conditions of direct sunlight and are only applicable to the midday period if the 

system is not tracking. While these results show that higher temperatures can be reached if an 

initial preheating system is included, before exposure of water to radiation in borosilicate glass 

tubes, very large areas would be required to achieve this even at optimum conditions. The 

footprint of the pilot system in Kenya, outlined in Section 2.11.1 was 20 m^. The pre-heating 

area alone for this system would require 44 m^ and suggests that this may not be a practical 

option for optimising the continuous flow system, which is intended for use in a rural 

developing country context. In addition, the inability of the system to track the sun 

compromises the efficiency of the system for most of the day and so even larger areas than 

predicted in this scenario would be needed to ensure sufficient thermal gain outside o f midday 

hours.
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Figure 6-63 Predicted PTC outlet temperature with first 30 tubes black, for concentration ration of 6 

and reduced convection losses -  20 panels.

Results from experiments carried out in Section 6.3 showed that to prevent reactivation of 

bacteria, a UV-A dose of 5.4 kJ/litre beyond the detection Hmit being reached and 

maintenance at 55°C for 60 minutes was required for E. coli. Assuming that a set point of 

55°C was reached in the preheating area in the above scenario, a residence time of 60 minutes 

would still be required in the general solar disinfection area of the system in order to ensure 

reactivation was prevented, which would necessitate large collector areas.

6.4.1.5 Discussion of Thermal Mode! Results

The thermal model was a simple representation of the most important heat transfer 

processes in the CPC and PTC. The main finding of the modelling process, when used to 

predict thermal behaviour in a warmer climate than Ireland, was that overall illuminated 

collector area (and therefore solar gain) is the limiting factor and measures to reduce heat loss, 

such as convection loss, come secondary to ensuring that the overall solar gain is sufficient to
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reach the temperatures required. It can be seen from the graphs outlining CPC and PTC 

behaviour for the standard design, as well as for reduced convection losses, that on a practical 

level an extremely large area is required to reach the temperatures needed for thermal 

synergistic effects, which would serve to complicate rather than simplify the system.

The results suggest that a non-tracking PTC system is not a practical option in terms of 

achieving the necessary thermal gain, given the considerable inefficiencies outside the two- 

hour midday period. While the larger PTC design with a concentrating ratio of 6 and reduced 

convection losses did produce significantly better results at optimum conditions than the other 

configurations, parabolic trough collectors are designed to track the sun along one axis at least 

and even with north-south tracking in place for an east-west oriented trough, cosine losses of 

up to 25% are encountered across the day, with losses at a minimum at midday (Garg, 1987; 

Kreith and West, 1996). Without tracking, efficiency in terms of thermal gain is compromised 

even further with losses greater than 25% outside the midday period. The thermal model 

predicts very large collector areas are required to achieve the necessary temperatures, even at 

optimum midday conditions, and therefore the non-tracking PTC used in this research does not 

provide an efficient solution to achieving thermal gain, as even larger areas would be required 

for non-optimum conditions.

A concentrating oversized CPC would not require tracking to utilise solar radiation across 

the day and may therefore be a better option for achieving the minimum temperatures required 

for a thermal synergistic effect. The concentrating oversized CPC, with concentration factor 

o f 2, did not produce significantly increased temperatures according to this model but some 

possible modifications to the CPC design to improve thermal efficiency will be discussed in 

the next section.

Finally predictions using black tubes as an initial preheater, before the regular borosilicate 

glass absorbers are used, revealed the major inefficiency of transparent tubes in terms of 

achieving significant thermal gain from solar radiation. The very low absorptivity of 

borosilicate glass, 0.05, compares very poorly with those of absorbers used in thermal
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collector applications of 0.9 to 0.95 and shows the key limitation o f achieving significant 

thermal gain in the continuous flow solar disinfection system. Adding black tubes to the 

model for the regular CPC and PTC reactors employed during this research did not reveal 

sufficiently high thermal gain to reach the required temperature for thermal synergistic effects 

but the large PTC design with reduced convection losses reached temperatures over 50°C with 

30 black tubes at the beginning of the system. However, this would equate to at least 44 m of 

preheating area alone for optimum solar radiation conditions. In addition, as experiments 

revealed that at least 60 minutes at temperatures of 55°C were necessary to prevent 

reactivation, the overall reactor area required to achieve this would be impractically large. 

There may be scope for incorporating a more efficient preheating area before the continuous 

flow design, however, since the preheating system modelled here is not optimum and standard 

thermal collector designs with smaller absorber diameters should be considered for this 

purpose (Kalogirou, 2013; Stine and Geyer, 2001).

6.4.2. Potential Design Modifications

There are many modifications in the literature to the basic thermal CPC design, some of 

which will be reviewed here as options for improving the thermal performance of the 

continuous flow solar water disinfection unit. The thermal model shows that at temperatures 

higher than ambient, convective losses have a large impact on temperature gain. A reduction 

in absorber area is the easiest way of reducing heat loss at elevated temperatures, since heat 

loss is directly proportional to the area of the hot surface. Concentrating collectors reduce the 

area o f the absorber by reflecting the light incident on a large reflector area onto an absorber 

o f small area, allowing concentrating collectors to operate at temperatures well above ambient. 

This has the added benefit of maximising use of less expensive reflective surfaces and 

minimising more expensive absorber surfaces. As discussed previously, however, 

concentrating collectors need to track the sun over the course of the day and a tracking 

mechanism adds expense and complexity, which is undesirable (Stine and Geyer, 2001). 

There are some modified CPC designs, which allow concentration without tracking, however.
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Increasing the thermal gain of a CPC necessitates an increase in concentration factor. 

Carvalho et al. (1995) used a truncated CPC collector with a concentration factor of 1.12 and 

an acceptance angle of 76° after truncation. When CPC reflectors are truncated, some 

radiation outside the acceptance angle may reach the receiver. The design used an inverted V - 

shape receiver made of copper to allow a large gap between the absorber and reflector without 

optical losses, which reduced conduction losses. The collector was also fitted with a glass 

cover to reduce convection losses and was seen to outperform other collector types including 

flat-plate and evacuated tubular collectors. They tested two further mechanisms to prevent 

convection losses from the CPC absorber. The first was a Teflon film below the glass 

absorber cover and the second was a transparent insulation material between the glass cover 

and the absorber (Figure 6-64). These measures reduced heat losses by about 30% but the 

insulation had a significant impact on the optical efficiency of the collector.

y«if

Figure 6-64 Cross section of the collector with the Teflon film and transparent insulation (Carvalho et 

aL, 1995).

Oommen and Jayaraman (2001) developed a tubular CPC with oversized reflector, which 

incorporated a number of design points which improved the thermal efficiency. The CPC 

reflector for a tubular absorber generally touches the absorber at the cusp region, which can 

result in conductive heat losses from absorber to reflector. A gap between the tubular absorber 

and the reflector can be created to prevent this heat loss. The gap can also allow for provision
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o f a glass envelope around the absorber, which improves thermal efficiency of the CPC 

module at high temperatures, preventing excessive convective losses from the absorber 

surface. However, the gap between the absorber and the envelope also leads to reduction of 

the incident light on the absorber, called ‘gap losses’, and a compromise between optical and 

thermal performance must be made.

The reflector profile was designed for a half-acceptance angle of 23.5° and cylindrical 

absorber tube of diameter o f 19 mm, as shown in Figure 6-65.

Figure 6-65 Oversized CPC with reduced gap losses and concentric covering tube (Oommen and 

Jayaraman, 2001).

This reflector profile allowed for a gap between the absorber and reflector but maximised 

the reflector radiation collected by the absorber in the new position. The absorber was 

surrounded by a concentric glass envelope of diameter 26.6 mm. After truncation of the CPC, 

reducing the height from 22.35 to 11.2 cm, the concentration ratio reduced from 2.655 to 2.41 

and the reflecting surface was reduced by 55%. The top of the CPC was covered by a 

transparent glass o f 3 mm thickness, with low iron content and a transmissivity of 0.9. This 

further reduced convective losses from the absorber, helping to maintain a higher temperature
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around the absorber. The system was found to operate with good thermal efficiency even at 

high temperatures.

Another option is to evacuate between the cover and the absorber and create a vacuum, 

which eliminates convection as there is no medium in which to transfer heat. However the 

cost of evacuated collectors is high (Rabl et a i,  1980; Carvalho et al., 1995; Stine and Geyer, 

2001) and probably not suitable for the developing country situations for which this 

technology is being developed. Rabl et al. (1980) found that intermediate concentration ratios 

(1.5-10) can be achieved with CPCs without diurnal tracking, providing both economic and 

thermal advantages for solar collector design even when used with non-evacuated absorbers. 

Concentration ratios of about 6 were found to provide good thermal efficiency in the 100- 

160°C temperature range with relatively frequent tilt adjustments (12-20 times per year). At 

concentration factors less than 3, performance was found to be significantly better than that for 

a double glazed flat plate collector above about 70°C, while only requiring adjustments twice 

per year. These double-glazed non-evacuated designs, shown in Figure 6-66, also maximised 

use of inexpensive reflectors, while utilising smaller, simple inexpensive absorbers, making 

them economically as well as thermally efficient. Rabl et al. estimated that a collector with a 

1.5 concentration factor would have an optical efficiency of 0.71, while requiring no tilt 

adjustments.

These modifications to the basic CPC collector, while certainly improving thermal 

efficiency also impact the transmission of UV radiation to the water flowing through the 

absorber. In the 1.5 concentrating collector proposed by Rabl et al. the solar radiation needs 

to pass through two layers of glass before reaching the reflector, which would reduce 

transmission by at least 16%. The use of an insulating concentric tube also complicates 

fabrication, making it a much more precise assembly. The use of a collector cover could be a 

useful option to reduce convective losses and would also benefit in keeping the reflectors free 

from dust and reducing reflector degradation. The cover would need regular cleaning however 

and its impact on UV transmission would need to be quantified. Inexpensive insulating

364



Thermal Synergistic Effects and Thermal Modelling

material could easily be placed behind reflectors as shown in Figure 6-66, in order to reduce 

potential conduction losses at higher temperatures.

cover  q i a z i n q

re f l e c t i v e  s ide walls

rece ive r a i r  gap 
h - U i

g la s s  envelope

insu la t ion

Figure 6-66 Concentrating CPC with insulating concentric tube, CPC cover and receiver insulation 

(Rabli’/a /., 1980).

6.4.2.1. UV-A Dose vs. Thermal Gain

The results from the thermal modelling show that improved thermal performance can be 

achieved by increasing the reflector area per tube but not significantly enough to achieve 

temperatures of at least 50°C. Introducing black tubes improves thermal gain but no UV-A 

transmission can occur during this period and so after this initial preheating, it would be 

necessary to ensure that the required UV-A dose is received before water leaves the once- 

through reactor. In a previous study by Martin-Domi'nguez et al. (2005), which looked at 

reducing UV-A dose but enhancing temperature through blackening a portion o f a SODIS 

bottle, it was concluded that the rise in temperature did not outweigh the reduction in overall 

UV-A dose in terms of disinfection. Although a maximum temperature o f 75‘’C was reached 

in the modified blackened system with reduced UV-A transmission, disinfection efficiencies 

did not improve when compared to the standard system. These results suggested that 

temperature increase alone was insufficient to ensure disinfection and ensuring sufficient 

radiation penetration was the most important factor in the system. This agrees with the
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findings of experiments carried out in Section 6.3, which showed that a minimum UV-A dose 

was required for disinfection and to prevent reactivation, even when coupled with 

temperatures in excess of 50°C. Results from this research indicate that a minimum dose of 

5.4 kJ/litre is required beyond the detection limit being reached and temperatures of 55°C 

should be maintained for at least 60 minutes to prevent reactivation. In addition, experiments 

which employed heat alone required temperatures above 60°C for at least 30 minutes to ensure 

the detection limit was reached and it has been recommended by many authors to bring 

bacteria to 75°C for 10 minutes for heat treatment alone (Burch and Thomas, 1998; Jorgensen 

e ta l, 1998).

Given the significantly large reactor area required to achieve a sufficient temperature gain, 

as well as the further reactor area required to ensure the minimum UV-A dose is received to 

prevent reactivation, it is proposed that reaching and maintaining temperatures in excess of 

55°C may not be a feasible option in a once-through continuous system. This is particularly 

given the specific application of this system in a developing country context, which requires it 

to be as simple, efficient and robust as possible. It should also be noted that viruses can be 

more heat resistant than bacteria, as was observed by Theitler et al. (2012), and therefore other 

microorganisms may require even higher temperatures than 55°C to ensure complete 

inactivation.

6.5. Conclusions

Experiments in the fiill scale CPC showed that a minimum temperature of 55“C was 

necessary to ensure disinfection and prevent reactivation of E. coli and P. aeruginosa during 

UV disinfection. Results suggested that any system which attempts to achieve a thermal 

synergistic effect and also prevent regeneration of bacteria would need to reach temperatures 

of at least 55°C and water would need to be kept at this temperature for at least 60 minutes 

before leaving the reactor in the case of E. coli and for 120 minutes for P. aeruginosa. A 

further cumulative UV-A dose of 5.4 kJ/litre was also observed to be necessary beyond the 

detection being reached in order to prevent bacterial recovery and repair.
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The thermal model revealed that it may well be possible to achieve temperatures in excess 

of 55°C using very large collector areas. However given the large areas required for the PTC 

design and its inefficiency outside midday hours, the non-tracking PTC is not recommended as 

an effective solution to achieving thermal gain in this context. An oversized CPC with 

modifications to improve thermal efficiency might be a preferred option, given that no 

tracking is required, but again it is predicted that very large areas would be needed to achieve 

the necessary temperatures. The complexity of this design compounded by the impractical 

size would suggest that introducing a thermal effect to a continuous flow reactor may not be a 

practical solution for optimising a system such as this, intended for use in a developing 

country context. However, it may be beneficial to investigate the option of a preheating area 

prior to solar disinfection in the continuous flow system, since reaching temperatures over 

55°C was observed to be the most effective means of preventing reactivation of bacteria 

during this research.
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Chapter 7 - Conclusions

7.1 . Conclusions of Research

This body of work sought to contribute to the research and practice with respect to solar 

water disinfection systems and to ascertain the viability o f a continuous flow treatment system, 

as a means of achieving centralised community water disinfection in developing countries. 

This much needed work has shown that continuous flow treatment systems have the potential 

to disinfect water effectively and the conclusions drawn from each section of this research will 

be addressed in this chapter. The conclusions from the case study of the pilot project in Kenya 

and the examination of the sustainability of water projects are presented at the end of Chapter 

8 .

7.1.1. Photolysis of Various Microorganisms

A wider range of bacteria and bacteriophages than previously tested were treated 

photolytically in the full scale CPC. The rate of inactivation of bacteria, starting with the most 

sensitive, was found to be B. megaterium > S. aureus > E. coli > S. entereditis > S. 

marcescens > K. pneumoniae > E. aerogenes > E. faecalis > P. aeruginosa > B. subiilis. No 

significant distinction was observed between the photolytic inactivation of Gram positive and 

Gram negative bacteria, which was contrary to predicted results given that Gram positive cells 

have a thicker, more complex cell wall and therefore would be expected to have increased 

resistance to photolytic action. E. coli was found to be less resistant to photolytic treatment 

than most of the bacteria in the test group but despite this E. coli showed consistently high 

levels of reactivation post-irradiation. It has been reported previously that E. coli can be more 

sensitive to solar disinfection than other human pathogens (Sciacca et a l ,  2010i, which 

emphasises the importance of testing a range of bacteria types. Photolytic treatment of 

bacteriophages showed MS2 to be more resistant than PR772 and OX 174. No obvious 

difference was observed between treatment of E. coli in spring water and distilled water,
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which was an unexpected result given the added pressure o f osmotic stress on cells in distilled 

water.

Reactivation and repair post-irradiation was observed after 24 and 48 hours for all bacteria, 

except B. megaterium. Significantly this was the only bacteria to reach the detection limit 

during all trials but contrary to this recovery was observed during E. coli trials which reached 

the detection limit. This point emphasises the importance of assessing reactivation o f bacteria 

after the detection limit has been reached, rather than for trials where full inactivation has not 

been achieved. A further important factor is the pathological nature o f reactivated cells, which 

needs to be determined in future studies, since recovered colonies were visibly stressed and 

did not grow at the same rate as the original bacteria. These reactivated cells may not be 

viable in the long term, as noted by Gelover et al. (2006), and may be less virulent than 

healthy cells, as suggested by Smith et al. (2000), both of which are vital points in determining 

the suitability o f water treated photolytically in the continuous flow system for drinking. 

Spring water appeared to suppress the recovery of bacteria post-irradiation, the reason for 

which is unclear but may be due to ions present in the water inducing a photocatalytic effect. 

This highlights the fact that microorganisms can behave in a very different manner in natural 

waters compared to distilled water and so testing under field conditions is essential.

In terms of UV-A intensities, it was shown that photolytic inactivation of bacteria can 

proceed at low UV-A levels below 20 W/m^, once a threshold dose of approximately 4.5 

kJ/litre has been received but intensities greater than 25 W/m" can result in significantly more 

efficient inactivation. In addition, high intensities at the begirming of exposure can prevent a 

shoulder region of slow inactivation for some bacteria types but for others a threshold dose is 

required before fast inactivation can proceed despite high UV-A levels. In general it was 

observed that high intensities at the initial stages of inactivation were beneficial for 

disinfection and so timing of treatment is important. High UV-A levels were not observed to 

prevent significant reactivation post-irradiation, even when the detection limit was reached, 

and overall it appeared that bacteriophage inactivation was less sensitive to changes in UV-A 

levels than bacteria inactivation.
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It was shown that the majority o f  microorganisms displayed at least a 3-log reduction 

following a UV -A dose o f  12 kJ/litre or less, which is an achievable dose for the once-through 

continuous system. In terms o f  E. coli inactivation, it was shown that once the cumulative 

dose calculation was modified to account for only the illuminated volume o f  the system, the 

required dose was less than 5 kJ/litre. This cumulative dose may be a more appropriate 

estimate for the once-through continuous system than the conservative estimate achieved 

during recirculating trials and is in line with values given by other authors o f  9 kJ/litre for a 6- 

log reduction (Ubomba-Jaswa et a i ,  2009). A 3-log reduction would ensure that water could 

be transformed from highly contaminated (1000 CFU/lOOml) to good quality water (less than 

1 CFU/IOOml) and, as noted previously, the important issue in the developing world is to 

move from bad quality to moderate quality water (less than lOCFU/100ml) and not necessarily 

to meet stringent western water standards (World Bank, 1992). In addition, VanDerslice and 

Briscoe (1995) estimate that a reduction in water contamination by two orders o f  magnitude 

would lead to a 40% reduction in diarrhoea in areas with reasonable sanitation.

7.1.2. Photocatalysis

All photocatalytic trials showed significant improvement on photolytic treatment o f  E. coli, 

apart from Ti0 2  insert #1 (the single large frustum), which had a similar maximum  

disinfection coefficient to photolysis o f  0.84 litre/kJ. Average maximum disinfection 

coefficients for other catalysts ranged from 7.15 litre/kJ for Ru(bpy)3Cl2 to 1.14 litre/kJ for 

suspended Ti02. Photocatalytic trials showed that suspended catalysts performed better than 

fixed Ti02 inserts and results from suspended ZnO and Ru(bpy)3Cl2 trials were much better 

than those achieved with suspended rutile Ti02, as expected. The presence o f  Ru(bpy)3Cl2 

significantly improved the performance o f  both ZnO and Ti02, with the combination o f  

Ru(bpy)3Cl2 and Ti02 found to be more efficient than Ru(bpy)3Cl2 with ZnO. It was shown 

that E. coli inactivation was dramatically improved in the presence o f  Ru(bpy)3Cl2 , and 

therefore singlet oxygen and its related reactive oxygen species, and it was concluded that 

these reactive agents can be more aggressive than those produced with standard Ti0 2  

photocatalysis (mostly hydroxyl radicals). The introduction o f  singlet oxygen could therefore
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be an important component o f  future photocatalytic testing and should be explored further. 

The instability associated with ZnO and ruthenium com plexes in the longer term, however, as 

w ell as the high cost o f  ruthenium suggests that Ti0 2  (with high anatase content) continues to 

be the most practical choice as a photocatalyst. Ti0 2  fixed inserts did not improve inactivation 

rates compared to photolysis but U V -A  levels were low during these trials. Insert #1 

performed better than insert #2 during trials, despite lower levels o f  U V -A  intensity, which 

was contrary to the results o f  CFD modelling carried out by Misstear and Gill (2012a).

None o f  the suspended catalysts suppressed reactivation o f  bacteria and no significant 

difference was observed between reactivation levels obtained with photocatalytic and 

photolytic treatment, even in cases where the detection limit had been reached. However, 

despite poor performance during disinfection, which may have been due to low U V -A  levels, 

the fixed Ti0 2  catalysts were observed to repress reactivation better than suspended catalysts, 

particularly insert #2 (five connected fhista). This would suggest that under better trial 

conditions, with higher UV -A levels, fixed Ti02 catalysts could be a viable means o f  both 

efficient disinfection and prevention o f  bacterial reactivation. This option would also negate 

the problems associated with use o f suspended catalysts in terms o f  catalyst removal post

treatment.

MS2 was found to be the most susceptible bacteriophage to photocatalytic treatment with 

Ru(bpy)3Cl2 and fixed Ti02 inserts. As observed with E. coli, the introduction o f  Ru(bpy)3Cl2 

was shown to significantly improve inactivation rates for PR772 and C>X174 and resulted in 

complete removal o f  MS2 within the first 15 minutes o f  treatment. Ti02 insert #1 improved 

MS inactivation slightly but resulted in less efficient inactivation for 0 X 1 7 4  and PR772, 

showing different responses to photocatalytic treatment between different types o f  

bacteriophage and again the importance o f  testing a wide range o f  microorganisms.

In terms o f  UV-A intensity levels, results o f  this research showed that very high UV-A  

levels above 35 W/m^ promoted faster photocatalytic inactivation o f  bacteria than moderate
‘j

levels between 23 and 32 W/m , particularly at the beginning o f  exposure. This again
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suggests that high UV-A levels at the initial stages of treatment can significantly enhance 

treatment outcomes.

7.1.3. PTC vs CPC

It was shown that the full scale PTC and CPC reactors both have the potential to achieve 

satisfactory disinfection levels but the CPC consistently resulted in faster disinfection, 

particularly for a 3-log reduction. The non-tracking PTC reactor design only utilised direct 

sunlight, when the reactor faced the sun during the midday period, resulting in slower 

disinfection in the morning and late afternoon periods, as well as under overcast conditions. 

The CPC design, in contrast, allowed efficient use of both direct and diffuse radiation 

throughout the day. An examination of the photolytic inactivation efficiency of both reactors 

in terms of illuminated absorber area, however, as opposed to overall illuminated collector 

area including reflectors, revealed that the PTC with only five glass tubes performed 

favourably compared to the CPC with ten tubes. In addition, despite an initial lag between 

inactivation of the PTC compared to the CPC during the first 180 minutes, the PTC was 

observed to preform similarly in terms of time beyond this point and so this reactor design 

could operate as effectively as the CPC during the hours around the midday period. The 

potential of the PTC for efficient disinfection is significant given the simpler design and 

construction of the PTC compared to the CPC and the cost savings which could be achieved 

with less piping in the system. The PTC reactor design could therefore be a more suitable 

option for local manufacture in developing countries in the long term compared to the CPC.

7.1.4. Stroboscopic Mechanisms

It was observed that introduction o f light and dark periods to full scale continuous flow 

reactors can result in more efficient disinfection than standard photolysis both in terms of time 

and cumulative dose. The relationship betw'een irradiated area and disinfection efficiency 

with respect to time and cumulative dose was not clear fi'om the results of this research but 

regime #3 with the lowest irradiated area performed the best in terms o f cumulative dose and
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regime #4 with the highest area was the most efficient regime in terms o f  time, which is in 

agreement with previous findings (Misstear et a i ,  2013). It was notable, however, that the 

poorest performing regimes (#1 and #5) had the lowest U V -A  levels during trials and those 

which performed the best had significantly better conditions during trials (#2, #3, #4). In 

addition, the UV-A levels during combined trials with stroboscopic regime #4 and Ti02 inserts 

were also low, which may have led to the poor inactivation rates observed. It was therefore 

concluded that due to the particular nature o f  the stroboscopic mechanism, UV-A intensity 

may have a more critical impact during this process compared to standard photolysis and 

photocatalysis, as it would seem to be intuitive that bacteria would undergo more stress i f  the 

difference between light and dark periods was more pronounced, which would be the case 

with high UV-A intensities. The stroboscopic mechanism had a significant impact on the 

removal o f  MS2 in terms o f  cumulative dose but not in terms o f  time but did not impact the 

inactivation o f  PR772 or 0 X 7 1 4 . This highlights the need to investigate the effects o f  

interrupted illumination on various types o f  microorganism, as the response is unpredictable.

Reactivation was a problem following all photolytic trials using stroboscopic regimes but 

the post-irradiation reactivation levels for trials combining photocatalysis with Ti0 2  inserts 

and stroboscopic regime #4 were low. This again suggests that fixed catalysts may be a viable 

option for both efficient inactivation and prevention o f  bacterial recovery post-irradiation.

7.1.1. Combined Solar Disinfection and SORAS

The combination o f  the SORAS and solar disinfection processes in the CPC resulted in 

significantly lower arsenic removal compared to the SORAS process operating on arsenic 

alone but, at iron concentrations o f  10 mg/litre, bacterial inactivation was more efficient than 

standard photol^lic trials in terms o f  cumulative dose but not in terms o f  time for a 4-log  

reduction. However, the average maximum disinfection coefficients for all combined trials 

were found to be lower than the standard photolytic trials. The interaction between both 

processes was not conclusively determined during experiments, particularly in terms o f  

optimum iron and bacterial concentrations for arsenic and bacterial removal. Significantly
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arsenic removal was observed to increase with increased bacterial concentration and lower 

iron levels, contrary to expected results. The experimental results highlight a significant 

problem for the SORAS process given the dramatically lower efficiencies of arsenic removal 

in the presence of bacteria, since treatment would be compromised considerably if water was 

microbially contaminated.

7.1.2. Thermal Effects

Experiments in the full scale CPC showed that a minimum temperature of 55°C was 

necessary to ensure disinfection and prevent reactivation of E. coli and P. aeruginosa during 

UV-A treatment, suggesting that any system which attempts to achieve a thermal synergistic 

effect and also prevent reactivation and repair of bacteria would need to reach and maintain 

temperatures of at least 55°C. A further cumulative UV-A dose of 5.4 kJ/litre was also 

observed to be necessary beyond the detection being reached in order to prevent recovery of 

cells.

The thermal model for the PTC and CPC revealed that while it may well be possible to 

achieve temperatures in excess of 55”C using a PTC with very large collector areas, this was 

not considered to be a practical solution for a developing country context. In addition, the 

non-tracking nature of the PTC used during this research would mean that optimum solar gain 

could only be achieved during the hours around midday, making it very inefficient at other 

times. The option of an oversized CPC with modifications to improve thermal efficiency 

would also require very large areas to achieve the necessary temperatures but unlike the PTC 

it would make maximum use of both direct and diffuse solar radiation throughout the day 

without tracking. The added complexity of a CPC design compared to the PTC, however, 

compounded by the impractical size, also makes this an unrealistic solution. The results of 

thermal modelling therefore suggest that introducing a thermal effect to a continuous flow 

reactor by reaching and maintaining at least 55°C within the system is not a feasible option for 

optimising this system, despite the potential benefits of reactivation prevention. K 

however be beneficial to investigate the option of a preheating area prior to solar disinfection
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in the continuous flow system, since reaching temperatures over 55°C was observed to be the

most effective means of preventing reactivation of bacteria during this research.

7.2. Recommendations for Further Research

• Carry out experiments at lower bacterial concentrations (in the order of 1,000 

CFU/100ml), using natural waters where possible, in order to ensure the detection limit is 

reached and to mimic bacterial concentrations typical of naturally contaminated water 

sources.

• Investigate the pathological nature of slow-growing colonies, which reactivate after the 

detection limit is reached during photolysis and photocatalysis, in order to properly assess 

the risk posed by this phenomenon and the viability of these colonies in the long term.

• Further investigation into the mechanism of inactivation in bacteriophages during 

photolysis and photocatalysis (with and without stroboscopic mechanisms) would be 

worthwhile, given the varied impacts of both methods on bacteriophages during this 

research.

• Additional trials using fixed Ti02 inserts at more consistent UV-A levels are 

recommended in order to evaluate their inactivation efficiency fully, since very promising 

results were obtained in terms of suppressing recovery of cells.

• Investigate alternative options for immobilising Ti02 on fixed inserts, as the potential for 

fouling of TiO: woven paper is considerable.

• Further research on immobilised options for ruthenium is recommended, given the 

aggressive impact of singlet oxygen on bacteria and bacteriophages and the significant 

improvement it made to both ZnO and Ti02 photocatalytic inactivation.

• Investigate further stroboscopic mechanisms both with and without catalysts under 

consistent UV-A intensity levels in order to compare regimes in terms of illuminated area
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and pulse frequency and minimise uncertainty in efficiencies due to fluctuating solar 

radiation levels.

• Results from stroboscopic regimes with very low illuminated areas were encouraging and 

could allow much greater flexibility in terms o f materials used for construction. The use 

of plastic tubing for both light and dark sections in stroboscopic regimes should be 

investigated, as despite lower UV-A transmittance through clear plastic, the reduction in 

construction costs could be considerable if it proved effective. This could also assist in the 

local manufacture of reactors in developing countries, where plastic materials would be 

more readily available than borosilicate glass.

• Carry out stroboscopic photolytic and photocatalytic trials on more microorganism types, 

in order to assess further the impact this process has on different microbial species.

• The interaction between the solar disinfection and SORAS processes was not conclusively 

determined during trials and, despite low arsenic removal levels, further trials are 

recommended using different configurations of iron and bacterial concentrations.

• Introducing temperatures over 55°C during UV-A exposure was observed to prevent 

reactivation and repair o f bacteria. While modelling o f the CPC and PTC reactors showed 

that reaching temperatures above this was infeasible within a practical continuous flow 

reactor size, the possibility of introducing a simple preheating system is worth 

investigating further.

• The PTC was observed to perform favourably compared to the CPC in terms o f photolytic 

and photocatalytic disinfection, despite its inability to utilise non-direct solar radiation and 

its reduced number of tubes. Further testing of this simple reactor design is recommended, 

maximising the use of cheap and simple materials such as plastics during reactor 

construction. It is also recommended to test the reactor when orientated in a north-south 

direction in order to assess any possible improvements in terms of maximising exposure to 

direct solar radiation.
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Chapter 8 - Case Study: Sustainability of Water Projects and Pilot 

Continuous Flow System in Kenya

8.1. Introduction

The continuous flow solar water disinfection system was designed with a rural application 

in mind, as a way to provide a centralised water treatment system, which could serve a village

sized population in a developing country context. As outlined in Chapter 2, there is a critical 

need for new water treatment methods suitable for use in developing countries, particularly in 

terms of trying to reduce the 3.4 million deaths which occur annually as a result of water, 

sanitation and hygiene-related disease (WHO, 2008).

In addition, improving water and sanitation provision would have a significant economic 

impact. On a macro-level in developing countries, it was estimated that 360-400 billion 

working days were lost in 1979 (the latest year for which data are available), as a result of 

disease caused by inadequate water and sanitation (Pearce and Warford, 1994; Mara, 2006). 

This was equivalent to approximately 50% of the GNP of all developing countries in that year 

and was estimated to result in actual output being a third less than potential output from 

developing countries (Mara, 2006). More recent data suggests that in India alone, waterborne 

diseases cost the economy 73 million working days per year and the resulting economic 

burden is estimated at $600 million each year (Water Aid, 2008). In Uganda, it is estimated 

that 3.5% of all work time is lost due to sanitation related diseases culminating in 40 million 

working days lost per year (Lubaale and Musyoki, 2011).

Hutton et al. (2007) carried out a cost-benefit analysis o f water and sanitation interventions, 

concluding that in developing regions, the return on a US$1 investment was in the range US$5 

to US$46, depending on the intervention. Time savings associated with improved access to 

water and sanitation services were found to contribute at least 80% to the overall economic 

benefits. They showed that even when pessimistic data was assumed, the potential economic
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benefits of interventions outweighed the costs in all developing world regions (Hutton et a i, 

2007).

A strong social and economic case clearly exists for long term investment in water and 

sanitation but in order for this to be beneficial projects must be carried out in a sustainable 

manner. The factors affecting water sustainability will be examined in this chapter, including 

a case study of a pilot continuous flow solar disinfection system in Kenya.

8.2. Water Scarcity

Despite the fact that the earth contains vast amounts of water resources, decades of 

unsustainable water consumption have resulted in water scarcity reaching crisis point in many 

regions. Water scarcity refers to a situation of long-term water imbalance in a region, where 

the level of water demand exceeds the level of water resources available. Water scarcity has 

traditionally occurred in areas of low water availability or rainfall, but is increasingly 

occurring in regions which have high levels of water consumption due to high population 

densities and/or high water demand for agricultural or industrial activities (UNESCO et al., 

2006; Bithas, 2008). Water use has been growing at more than twice the rate of population 

increase in the last century (FAO, 2008b). The world’s population is growing by about 80 

million people a year, implying increased freshwater demand of about 64 billion cubic metres 

a year (UNESCO et a l, 2009).

Climate change is also having an impact on water supplies. Local water tables in many 

regions are facing significant changes due to weather variability, such as longer periods of 

drought and more intensive rainfall events. These changes can affect the pattern of 

agricultural run-off, sedimentation and erosion, and groundwater recharge rates. In many 

parts of the developing world, the rate of groundwater consumption far exceeds recharge rates, 

particularly when water is used for agricultural irrigation. The resulting changes in water 

tables and water scarcity have serious impacts on drinking water hygiene and access. In 

coastal areas, diminishing water tables can lead to saline intrusion into aquifers and wells.
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making water unsuitable for human consumption (Gadgil, 1998; De Wit and Stankiewicz, 

2006).

8.2.1. Water Demand Management

Water demand management can be defined as ‘any social beneficial action that reduces or 

modifies average or peak water withdrawals or consumption consistent with protection or 

enhancement o f water quality’ (Sharma and Vairavamoorthy, 2009). The FAO defines 

demand management as ‘a set of actions controlling water demand, either by raising the 

overall economic efficiency of its use as a natural resource, or by operating intra- and 

intersectoral re-allocafion of water resources’ (FAO, 2008a). The overall aim of any demand 

management system is to reduce water demand rather than increase water supplies to meet 

increased water demands.

Water management is critical in dealing with water scarcity and supply but investment rates 

into water management generally depend on a country’s economic status, as well as on the 

political preferences of those in power. In addition, areas that are centrally located, easy to 

supply and contain politically powerful sectors of society are most likely to be prioritised in 

terms of water services, while more distant and politically weak areas are left lagging behind. 

Also the appropriate water supply and management technologies needed for city slums are 

generally different to those required by distant rural villages (Gadgil, 1998).

Many developed countries are using different technological and management measures in 

order to reduce their urban water demand. However, these might not be directly applicable for 

developing countries because of the difference in the type of infrastructure in place and vast 

differences in the socio-economic level of the people living in these regions. Constraints to 

water demand management in developing countries include:

Water resource scarcity, alongside increasing populations and water demand.
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• Lack o f skilled manpower, especially for leakage detection and control, distribution 

system management and asset management.

• Engineering or supply management focus of water utilities and government 

departments.

Political preference for high visibility and supply-oriented projects, with less 

confidence in non-structural water demand management measures.

• Under-pricing of water. Many water utilities are run by government agencies and are 

heavily subsidised with no incentives for demand management and water conservation.

• Water demand management initiatives, if any, are often fragmented and focus mainly 

on technical or structural provisions without due consideration of necessary supporting socio

political and institutional aspects; a holistic approach is not used.

• Lack of legal framework and regulations promoting water demand management and 

conservation.

Poor water distribution system management, including; lack of comprehensive 

information on existing distribution systems; weak water meter management; deteriorating and 

ill-managed distribution system infrastructure.

(Mwendera et a i,  2003; Sharma and Vairavamoorthy, 2009)

Therefore water demand management measures need to be adapted to suit the local 

requirements and resources available in developing countries and while water demand 

management strategies may appear to be more applicable to water networks in urban 

environments, some of the principles could also be considered in rural contexts (Mwendera et 

a l,  2003). A more integrated approach to water management using combinations of structural 

and non-structural measures suited to local conditions would help to achieve sustainable water 

supply systems. Water loss management, mainly leakage reduction and control, and where
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feasible rainwater harvesting should be emphasised as important steps in reducing water 

demand (although it should be recognised that the use of rainwater should be limited for 

certain uses due to quality issues). Education and awareness building on water efficiency and 

water conservation should be promoted among all stakeholders of water supply systems, with 

water demand management promoted as a community culture (Mwendera et a i, 2003; Sharma 

and Vairavamoorthy, 2009).

8.3. Typical Water Sources used in Developing Countries

A variety of water sources are used in developing countries to meet household water 

demands. These sources include:

• Groundwater, including public and private hand-dug wells and boreholes

• Surface water, including lakes, rivers and waterholes

• Harvested rainwater collected from roofs and catchments

• In-house tap connections and public or private taps

• Water vendors and water tank trucks

(Nauges and Whittington, 2010)

8.3.1. Groundwater Sources

In many rural areas, groundwater is the only feasible way of providing safe, reliable water 

supplies, particularly in arid regions where surface water sources are seasonal or non-existent. 

However, developing groundwater is not always straightforward and expertise is required for 

siting wells and boreholes, assessing the sustainability of sources, constructing and testing the 

yield of boreholes and wells, and monitoring groundwater quality (MacDonald et a i, 2005).
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The characteristics of groundwater differ in a number of ways from surface water. Since 

groundwater responds slowly to changes in rainfall, the impacts of droughts are often buffered 

and in areas with a long dry season, groundwater can be still available when sources such as 

rivers and streams have run dry (Calow et a i, 1997; Calow et a l, 2010). Groundwater is 

generally microbiologically uncontaminated and to a certain extent, naturally protected from 

pollution. It can also be relatively cheap to develop, since large surface reservoirs are not 

required and water sources can usually be developed close to the point of demand (Clarke et 

a i, 1996).

In some circumstances, however, problems arise from the chemistry of groundwater. These 

cases include high sulphate levels in some weathered basement and mudstones and hardness in 

limestone aquifers or sandstones cemented with carbonate material. Minor and trace 

constituents which account for approximately 1% of the solute content of natural waters can 

also sometimes lead to health problems or make water unsuitable for human and animal 

consumption, including high arsenic in some unconsolidated sediments (MacDonald and 

Davies, 2000).

The availability of groundwater depends primarily on the geology. Fractured or porous 

rocks (such as sandstones and limestones) have a high potential for groundwater development. 

The availability of groundwater also depends to a certain extent on the volume and intensity of 

rainfall. However, research suggests that recharge to groundwater can occur even in arid parts 

of Africa. Since the volume of groundwater abstracted for rural domestic water supply is 

generally low, recharge to the aquifers is less important than the geology in determining initial 

yields, but very important in determining sustainability. Different methods are required for 

developing groundwater in different areas. For some rock types shallow hand-dug wells are 

appropriate, while in others, only deep boreholes will be sustainable. The technical capacity 

required for both finding and abstracting groundwater is determined by the hydrogeological 

conditions (MacDonald and Davies, 2000).
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Although groundwater resources have advantages over surface water sources for rural 

water supply, particularly in terms of water quality, rural groundwater supply schemes 

frequently fail as long term projects. The most important reasons for the incidence of failure 

o f groundwater to supply quality drinking water are thought to be pump breakdown, 

deterioration of the storage and reticulation system and, most importantly, insufficient 

monitoring and management. Skills training, capacity building, technical support and 

mentoring are vital to ensure the successfiil implementation of drinking-water quality 

management procedures in rural communities (Mackintosh and Colvin, 2003). In addition, 

proper planning of groundwater projects based on water availability, access and demand is 

essential to ensuring long term water security for communities (Calow et al., 2010).

8.3.2. Surface Water Sources

Surface water sources used for drinking and washing in developing countries include rivers, 

streams, lakes, reservoirs, ponds, springs, rainwater pools and waterholes. Surface water is 

generally more susceptible to microbial contamination when compared to groundwater, 

particularly as animals and livestock also use these sources for drinking water, causing faecal 

contamination.

In a study looking at the link between cases of diarrhoea and water sources being used, 

Tumwine et al. (2002) found that 33% of households which relied on surface water as their 

primary source reported at least one diarrhoea case in the week preceding the survey, making 

users of surface water 1.75 times more likely to have reported a case of diarrhoea when 

compared to consumers of alternative water sources such as piped water. However, the 

precise type of surface water was also found to be important, with households relying upon 

seeps, springs, reservoirs and ponds having much higher rates of incidence than those relying 

upon streams or rivers (Tumwine et al., 2002).

Reliance on surface water also has implications for the quantity of water available for use, 

as water often has to be carried long distances from the surface water source. Households

383



Case Study

relying on surface water sources generally consume less than those with piped access to piped 

water (approximately half). This is significant as when water is very limited, less water is 

available for cleaning cooking utensils, for washing hands, or for regular baths, cooking and 

eating (Tumwine et a i,  2002).

8.3.3. Rainwater

Rainwater harvesting is low cost, simple to deploy and maintain, and can make water 

available to people living in remote locations away from traditional water sources. It can act 

as a buffer against drought conditions, reduce reliance on rivers and groundwater supplies, as 

well as significantly supplement supplies in cities and areas connected to the water grid. 

Unlike big dams, which collect and store water over large areas, small-scale rainwater 

harvesting projects lose less water to evaporation because the rain or run-off is collected 

locally and can be stored in a variety o f ways. (Mati et a i,  2007) Generally rainwater is 

harvested using the roofs of homes, schools, health clinics etc. and basic collection tanks, as 

shown in Figure 8-1.

Figure 8-1 Simple rainwater harvesting system at a school in the Mutomo region of Kenya, 2013.
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The potential for rainwater harvesting in many African countries is significant. For 

example, Kenya, with a population o f somewhere under 40 million people, has enough rainfall 

to supply the needs of six to seven times its current population, while Ethiopia, where just over 

a fifth o f the population is covered by domestic water supply, has a potential rainwater harvest 

equivalent to the needs of over 520 million people (Mati et a i,  2007).

8.4. Water Needs and Design Standards

According to the World Bank there are three broad categories of households in the 

developing world (Nauges and Whittington, 2010). Firstly there are hundreds of millions of 

households living on $150-400 per month in medium and large cities of China, India, 

Southeast Asia, and Latin America, who have access to municipal piped water supplies or live 

in areas which will soon have access. The second category of households are living on less 

than $150 per month and can be found in the expanding slums of cities in the developing 

world. Piped water is not available to these households and they do not have the means to 

access a piped supply. The final category of households includes those living in rural areas of 

Sub-Saharan Africa and South East Asia on less than $1 per person day. Piped water is not an 

option for the majority of these households in the medium to long term (Nauges and 

Whittington, 2010).

Estimates of total daily water requirements per capita vary, depending on the living 

standard being supported. For example, basic survival requires far less water per person per 

day than is needed to support a typical lifestyle enjoyed in developed nations. There is no 

clear estimate, however, of what the minimum amount o f fresh water required per capita is to 

support human health, economic development and enable a high quality o f life for all. A 

summary of water levels needed to support various living standard is given in Table 8.1 from 

basic survival to an active and healthy human life. Chenoweth (2008) argues that a minimum 

of 135 litres/capita/day is required for social and economic development. This quantity would 

meet domestic requirements, as well as requirements for maintaining a water-efficient non- 

agricultural economy, capable o f sustaining a high level of human development. While

385



Case Stud)'

consumption in most developed countries exceeds this figure (an average o f 150 and 220 

litres/capita/day in the EU and USA respectively), consumption levels in most developing 

countries are well below it, as shown in Table 8.2.

Table 8.1 Minimum per capita water requirement estimates (adapted from Chenoweth, 2008).

The Sphere Project (2011) 15 Drinking, cooking and personal hygiene

WHO/UNCEF (2000) 20 Basic domestic health and hygiene needs

Gieick (1996) 50 Basic domestic health and hygiene needs

Howard and Batram (2003) 100 All domestic health and hygiene needs

S huval(1992) 342 Non-agricultural requirements plus water 
for essential fresh food production

Falkenmark (1986) 1,369 Requirement to run a modem society

World Water Assessment Programme 
(2003)

4,654 Drinking water for active and healthy 
human life

Table 8.2 Water consumption in developing countries and areas (Tchobanoglous et al., 2003).

China 80

Africa 15-35

Southeast Asia 30-70

Western Pacific 30-90

Eastern Mediterranean 40-85

Algeria, Morocco, Turkey 20-65

Latin America and Caribbean 70-190

World Average 35-90
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It should be noted that volume of available water is only one of the many considerations 

which must be provided for in a water project and other issues including accessibility and 

numbers using the water source must also be thought out. The Sphere Project is an initiative 

to determine and promote standards by which the global community responds to people 

affected by disasters. The Sphere Standards for emergency provision of water during 

humanitarian relief operations sets the following minimum recommendations for water supply:

1. Average water use for drinking, cooking and personal hygiene in any household should 

be at least 15 litres per person per day but this should be increased where possible to 

conform to local standards, where the standard is higher.

2. The maximum distance from any household to the nearest water point should be 500 

metres.

3. The number of people per source depends on the yield and availability of water at each 

source. The approximate guidelines are:

250 people per tap based on a flow of 7.5 litres/minute

500 people per hand pump based on a flow of 17 litres/minute

400 people per single user open well based on a flow of 12.5 

litres/minute.

(These figures assume that the water point is accessible for approximately eight hours a

day only and water supply is constant during thar time.)

4. Queuing time at a water source should be no more than 30 minutes.

5. Access should be equitable for all social groups, regardless of gender and ethnicity and 

some hand pumps and water carrying containers may need to be designed or adapted 

for use by people living with HIV and AIDS, older people, persons with disabilities 

and children. ( Sphere Project, 2011)
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These are minimum standards to be apphed in emergency situations and so projects looking 

to address long term water supply and quality issues should improve on these 

recommendations.

8.5. Factors Affecting the Success of Water Projects

The history o f water projects in developing countries over the past number of decades has 

been characterised by systems falling into eventual disrepair and being abandoned. As a 

result, much research has focussed on different types o f water interventions and the factors 

which affect the success of a water project. Several factors have been attributed to low levels 

of access to improved water supply in developing countries including installation of unsuitable 

systems, inadequate water resource management, rent-seeking behaviour, and insufficient 

capacity at an institutional level (Marks and Davis, 2012). In addition, communities often face 

significant challenges when trying to operate and maintain systems without support. Some of 

the factors which affect success and sustainability of projects will be discussed in this section.

8.5.1. Household Water Treatment Methods

In the developed world, water treatment is often achieved by centralised water treatment 

plants, which tend to be energy and chemical intensive. Treated water is then distributed to 

consumers through water networks. In developing countries, however, disinfection systems 

tend to be less efficient and although in urban areas centralised treatment often exists, in many 

cases water is consumed with little or no treatment.

Household water treatment (HWT) or point of use treatment has been promoted extensively 

over recent years as the most appropriate way to deal with the issue of contaminated drinking 

water in developing countries, particularly in rural environments. In addition, as a result of 

rapidly expanding urban and peri-urban slums, conventional centralised treatment and 

distribution infi'astructure have been unable to keep up with rapidly growing demand and so 

decentralised water treatment systems have been promoted (Ali, 2010).
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Household-level water treatment can be considered appropriate when:

• A relatively small amount of water is obtained from a well or spring and is collected 

and transported by hand.

The source is contaminated and simple protective measures can neither improve water 

quality nor stop the contamination.

Community resources are inadequate to meet the cost of a simple community treatment 

system and make it difficult to develop a centralised treatment system.

• An emergency situation causes disruption of the service and contamination of the 

water supply so that a long-term rapid solution is needed.

(UNICEF ei a/., 2012)

The extent of household water treatment in developing countries is high. In a study of 

household water treatment methods in low and middle income countries, Rosa and Clasen 

(2010) found that 33% of households or 1.1 billion people reported treating their drinking 

water at home. Household water treatment (HWT) is widespread in the Western Pacific 

(66.8%) and Southeast Asia (45.4%) regions, and it is less common in Eastern Mediterranean 

(13.6%) and Africa (18.2%). Boiling is the dominant method used with 21% of the study 

households (598 million people) using this method. Other household treatment methods are 

comparatively less common. The use of chlorine or bleach was reported by 5.6% of 

households, filtration by 4.3% and solar disinfection by 0.2%. Despite being at higher risk of 

waterborne diseases because of lower coverage of improved water sources, African and rural 

households are less likely to use household treatment methods or to use microbiologically 

adequate methods (Rosa and Clasen, 2010).

There is a large body of research on specific HWT methods and their impacts, showing 

very promising results including trials on SODIS (Conroy et al., 2001; Du Preez et a i, 2010; 

du Preez et a/., 2011; McGuigan et a l, 2011) which found that SODIS water interventions in
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Cambodia, Kenya and South Africa had significant reduction on the frequency of diarrhoeal 

episodes among trial groups of children under 5. There are also several trials involving 

ceramic and biosand filters which show significant positive impacts on health outcomes 

(Clasen and Boisson, 2006; Clasen et a l, 2006; Stauber et a i, 2009).

Despite this growing research, a review of HWT in terms of acceptability, scalability, 

adverse effects, and non-health benefits by Schmidt and Caimcross (2009) showed 

inconclusive results. HWT methods studied included filtration, chlorination, chlorination with 

flocculation, or solar disinfection (SODIS) and they found that the acceptability and scalability 

of HWT is still unclear and concluded that the non-health benefits of HWT are negligible. For 

example, water access and sanitation have proven positive impacts on gender equality, as they 

allow women and other household members to save time which may be devoted to other 

activities, such as education or economic activities but HWT is unlikely to contribute to these 

issues since it does not affect water supply. They argue that while health outcome trials have 

suggested that HWT may reduce incidence of diarrhoea by 30-40%, there is evidence that 

these results may be strongly biased (Schmidt and Caimcross, 2009). Hunter (2009) also 

found that while sufficient evidence existed as to the efficacy of ceramic filters, it is 

imperative for proper trials of all HWT disinfection methods be carried out, including biosand 

filters and SODIS, before fiirther projects be implemented, as the efficacy of these systems is 

not clear in terms of improvement in public health in the long term.

Along with the promotion of hygienic practices and point of use treatment, supplying an 

adequate quantity of water is a necessary precondition for the maintenance of personal and 

domestic hygiene and food safety, which protect against direct unsanitary and foodbome 

transmission. The relative benefits to health of water quality and water quantity interventions 

in low income areas remain disputed, however. Some regard the impact of water quality 

improvements as limited, as drinking water is only one of many possible transmission routes 

of water- and excreta- related conditions, and consequently the relative risk attributable to 

waterbome infections can be low. This implies that strict water quality criteria at the expense 

of water quantity may be counter-productive in poor settings (Esrey et a l, 1991; Esrey, 1996;
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Schmidt and Caimcross, 2009). Table 8.3 compares household water treatment, water 

quantity and access interventions, sanitation interventions and hand washing promotion using 

critical criteria for public health decision making, concluding that sanitation and supply/ 

access interventions have the highest impact.

Table 8.3 Comparison of four different environmental health interventions using critical criteria for 

public health decision making (Schmidt and Cairncross, 2009).

HWT Small in most 
settings, large in 
selected settings

Unclear Unclear Small to 
moderate

Small

Water
quantity/access

Moderate Very high Unclear in 
remote settings

Small Large

Sanitation Large in dense, 
moderate in rural 
settings

High in dense, 
variable in 
rural settings

Variable Small Large

Handwashing
promotion

Moderate Unclear High Small Small

8.5.2. Community Water Treatment Methods

Though much work with decentralised systems, especially in urban environments, has been 

at the household level, there is also considerable potential for development at the community 

level (Ali, 2010; UNICEF et a l,  2012). One limitation of HWT is that it does not address 

issues of water supply, which can be the main problem faced by communities in arid regions
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in particular. Community based water treatment methods can often address supply issues 

more comprehensively than point of use treatment.

Community-level water treatment is appropriate when:

A water source serves a larger population than can be served by household level or 

individual treatment systems.

A community water source is contaminated and simple protective measures can neither 

improve water quality nor stop the contamination.

Community resources are adequate to cover the cost of construction, operation and 

maintenance of a simple community-level treatment system.

(UNICEF e/a/., 2012)

Kolb deWilde et al. (2008) carried out an evaluation of an underperforming community- 

based safe water programme in rural Mexico, which revealed that the water systems were not 

underused because they had become dysfunctional, but rather, they had become dysfunctional 

because they were underused. User convenience and household preferences, which 

traditionally have often been neglected in the design of rural water interventions, emerged as 

the ftindamental issues to be addressed for programme improvement. (Kolb de Wilde et a l, 

2008)

Hunter et al. (2009) found that where improved community water supplies were unreliable 

and prone to interruptions, risk of infection was significantly greater on days that people had 

to revert to untreated water consumption. They also proposed that exposure to only a few 

days of untreated water consumption resulted in the loss of the annual health benefits 

attributed to consumption of water fi'om an improved supply. Furthermore, very young 

children were most at risk of illness and death following infection on days where untreated 

water must be consumed. Majuru et al. (2011) confirmed this argument observing that while 

the implementation of improved water systems appeared to be associated with a reduction of
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diarrhoeal disease in communities, the health impact was most obvious where systems were 

reliable. They suggested further research to determine whether public health gains from 

community water supply interventions could be leveraged by occasional use of household 

water treatment (HWT) during supply failures.

Both HWT and community based treatment methods have unique sets of advantages and 

disadvantages that, just as with treatment technologies, may make certain options more 

appropriate than others in a particular setting. Integrating community, government and other 

relevant stakeholders into the process of systems development and implementation is essential 

if the outcome is to be appropriate to local circumstances and sustainable in the long term (Ali, 

2010; UNICEF et al., 2012). A combination of HWT and community based methods may 

provide more robust solutions for people in the long-term, rather than relying on one sole 

method of treatment.

8.5.3. Education

It is important to note that education and training can have a significant impact on the 

success of water treatment methods, whether household or community based. Two studies 

were carried out to compare the effects of hygiene education alone against hygiene education 

and water treatment intervention (Wilson and Neveu, 1995; Luby et a l, 1998). These studies 

indicate that while water treatment intervention improves water quality more than hygiene 

education alone, there may only be a slight reduction in diarrhoea associated with water 

treatment and education compared with hygiene education alone (Gundry et al., 2003; 

Parkinson, 2009).

Meierhofer and Landolt (2009) suggest that education levels influence the willingness of 

people to change behaviour in terms of water treatment habits. For SODIS projects they found 

that initially, more highly educated people, such as teachers, health workers or village leaders, 

were more difficult to convince that SODIS can effectively treat drinking water. 

Bacteriological water quality tests with raw water and treated water were successfully used to
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reduce scepticism, however. Field observations in Bolivia, Nepal and Kenya revealed that 

once doubts on SODIS efficiency were dispelled, people with a higher education and higher 

economic status were more likely to adopt SODIS, improve their hygiene behaviour and also 

sustain it over a longer period. Other factors which aided uptake and sustainability included 

use of convincing and committed promoters to spread knowledge about the system and clear 

visibility of the practice among the community, histitutional support is also important in 

terms of lending credibility to a new water treatment intervention (Meierhofer and Landolt, 

2009).

8.5.4. Sustainability of Water Projects

Water supply projects and programmes for rural households have a long history of failure. 

Hundreds of millions of euros have been spent on projects over the past number of decades but 

the vast majority of these have fallen into disrepair and are now abandoned. Problems lie in 

the fact that projects are often implemented without adequate community participation and 

ownership, with systems being implemented that people do not want or that they do not want 

to maintain (Nauges and Whittington, 2010).

Over recent years, sustainability has become a requirement of most donor funded projects, 

as donors want to see value for the money they are investing. Sustainability requires a project 

to last in the community for a reasonable period without external assistance. Achieving this is 

possible if consideration is given to the costs of running and maintaining the project, and how 

the solution or technology proposed will match with the local environment. The ultimate goal 

is to make the project and its beneficiaries independent of the need for further external 

assistance (Esposto, 2009).

Esposto (2009) offers an analysis of sustainability in terms o f external and internal 

resources. Every technology or process requires resources in terms of energy, fuel, labour, 

and so on. kitemal resources are defined as those that the beneficiaries themselves are able to 

provide. External resources are those that the beneficiaries of the project have to acquire from
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outside sources. In many cases fuel is a typical external resource, which people generally 

purchase outside of their own community area. This action creates a dependency that limits 

their autonomy, however. A technical solution that uses only internal resources is often 

difficult to achieve and this defines the sustainability of the project itself (Esposto, 2009).

Investigating the water source choices made by households can help to make better 

informed decisions when planning water programmes or projects. Water demand in the 

developed world is well documented and understood but in the developing world the picture is 

not as clear as households often use a variety of water sources to meet their needs, as outlined 

in Section 8.3.

Nauges and Whittington (2010) have suggested the following when implementing water 

projects in order to ensure sustainability:

Involve households in the choice of both technology and (service level) and 

institutional and governance arrangements.

• Give women a larger role in decision making.

• Require households to pay all of the operation and maintenance costs of providing 

water services and at least some of the capital costs.

Transfer ownership of the facilities to the community.

Involve households in the design of cost recovery systems and tariffs to be charged.

The role of higher level government (for example national, state, province) in cooperation 

with donors if applicable is to decide:

• The eligibility rules (which communities are eligible to participate in the programme).

• The feasible technological options to offer the community.
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The cost-sharing rules (how much will government pay, how much will community 

pay).

The protocol for transferring ownership of facilities to the communities.

The government’s financing of the programme (grants versus loans).

• How best to provide communities with information about the programme.

Water supplies and sanitation systems for rural areas tend to be technically simple (for 

example handpumps and improved latrines) but sociologically complex (less so with water 

than with sanitation). For example, even getting people to wash their hands regularly can be a 

huge challenge and so hygiene education is a vital part o f rural water supply and sanitation 

programmes. When any new water technology is going to be introduced to a community, it is 

necessary to consider the culture and traditions of the population to be served by this 

technology. Aspects such as taste, domestic uses, collection and distribution methods, 

maintenance and tradition in terms of water must be considered or implementation, acceptance 

and sustainability o f the project will be compromised (Martin-Dominguez et al., 2005; Mara, 

2006).

Water disinfected by means of solar radiation has advantages in terms o f acceptance in a 

rural context in that the treatment does not affect taste and no additions are made to the water 

which might be considered unacceptable. Changes in habits in terms of water collection and 

use, as well as maintenance o f new systems are keys issues to be addressed to ensure 

acceptance and sustainability of these systems (Martin-Dominguez et al., 2005).

8.5.5. Value of Water

The low ability of the poor to pay for water services is the general explanation given for 

continuing high levels of government subsidy for water services. However it is largely the 

rich sectors of society and not the poor who tend to benefit disproportionately from subsidised 

water services in developing countries. Briscoe and Gam (1995) and Briscoe (1997) analysed
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forty years of the World Bank’s water utility services information in developing countries, 

concluding that:

• Heavily subsidised services led to slow service expansion, poor quality service and 

inefficient resource use.

Subsidised services are generally provided to privileged sectors of society, while the 

poor pay a huge human, social, and financial price to get water service. In Onitsha, Nigeria, 

for instance, the revenues collected by water vendors are about ten times the revenues 

collected by the formal water utility, showing that the poor do in fact pay for their water.

The general consensus now is that water has an economic value and must be recognised as 

an economic good. This was first agreed at the International Conference on Water and the 

Environment (ICWE), Dublin, 1992. The Dublin Statement on Water and Sustainable 

Development agreed the following fiandamental principles regarding water management:

Fresh water is a finite and vulnerable resource, essential to sustain life, development 

and the environment.

• Water development and management should be based on a participatory approach, 

involving users, planners and policy-makers at all levels.

Women play a central part in the provision, management and safeguarding o f water.

Water has an economic value in all its competing uses and should be recognised as an 

economic good.

(ICWE, 1992)

These principles support that water resources should be managed better, taking into account 

economic efficiency and environmental sustainability. For instance, ‘private’ services could 

be provided at full cost for people who are willing to pay for it and scarce public funds could 

then be used to subsidise only those services that benefit the wider community. A significant
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body of research demonstrates that many rural people can and will pay for improved water 

supplies (Gadgil, 1998).

8.6. Pilot Project Kenya 

8.6.1. Introduction

In 2012, only 59% of Kenya’s population had access to safe water supplies and 32% to 

improved sanitation (UNICEF and WHO, 2012). Kenya is classified as a water scarce country 

with a limited renewable water supply and also faces major challenges as a result of erratic 

weather patterns over the past number of years, which have caused widespread drought and 

water shortages. In addition, it is estimated that 30% of the approximately 12,000 handpumps 

throughout the country are not in operation, and a similar estimate is given for damaged and 

inoperative piped water systems (Rural Water Supply Network, 2009).

In order to address issues relating to water supply, the Government of Kenya brought in 

major reforms with the 2002 Water Act. These included separating water resource 

management from water service provision, as well as moving water sector administration and 

service delivery from Nairobi to local government institutions. Reform also aimed to improve 

accountability and communication between water consumers and water service providers. The 

Water Act stated the intention of achieving sustainable access for all by 2030 through actions 

including increased investments in rural areas and promoting beneficiary participation in 

planning, implementation, and management of water systems (Government of Kenya, 2002; 

Marks and Davis, 2012).

In this context of low levels of water access in rural areas and a governmental commitment 

to achieving sustainable water access, a pilot continuous flow solar water disinfection system 

was installed in the village of Ndulyani, in the Mutomo region of Kenya in the summer of 

2008 by Colin Price, a masters student at Trinity College Dublin. This project was carried out
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in cooperation with the Irish non-govemmental organisation GOAL and the Diocese of Kitui. 

GOAL is an international humanitarian agency and had been carrying out numerous water 

projects in the Kenya at that time (Gill and Price, 2010). The pilot project was funded using 

private donations and design details of the system, including schematic diagrams and 

photographs are shown in Figures 2-13 and 2-14.

Due to unforeseen circumstances, however, the implementing partner GOAL ceased 

operations in the area soon after installation and commissioning o f the system was complete 

and so the planned monitoring and evaluation phase of the project was unable to proceed. 

When this research was commenced in 2010, the site had not been visited in over two years 

and so it was decided that the area should be visited in order to ascertain how' the system had 

performed unsupervised during this time. A self-funded field visit was organised in July 2011, 

three years after the system had been installed. The findings of the field visit in 2011 and the 

fallout from this, which resulted in a follow-up project in 2013, will be discussed in this 

section in the context of implementation and sustainability of this project and other research- 

based projects of a similar nature.

8.6.2. Field Visit to Ndulyani, Kenya, July 2011

The project site was visited between the 11th and 13 th of July 2011 in order to assess the 

condition of the continuous flow solar disinfection system three years after installation and to 

evaluate the use and performance of the system unsupervised during this period. A meeting 

was arranged at the project site with the water committee set up during project implementation 

in 2008 and a reoresentative of the Diocese of Kitui A further meeting was arranged with the 

women of the village (Figure 8-2), who were the primary users o f the system.

The main points revealed from meetings with the villagers were that the system had worked 

well for approximately one year until the river bed had dried up and a water supply was no 

longer available to feed the reactor (see Figure 8-3). While the system was in operation, water 

flowing through the reactor had been clear and reached high temperatures going into the first
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collection vessel. The villagers were satisfied with the operation of the system and the quality 

o f the water it produced. They also requested additional water storage vessels, as the system 

had been serving more than the intended 500 people while it was in operation.

Figure 8-2 Meeting with the women of Ndulyani village, 2011.

The solar disinfection rig (Figure 8-3) was generally in good condition but required one 

glass tube to be replaced and six reflectors. In addition it needed to be cleaned and flushed 

through thoroughly to remove accumulated dirt and grit. The water collection vessels were 

also in need of cleaning and the chamber at the outlet tap was overgrown and inaccessible and 

would require modifications in order to make the outlet tap easy to reach and use. While the 

system was out of use, the outlet pipe from the reactor to the collection vessel (a 1.5” 

galvanised steel pipe) has been stolen. Unlike the other galvanised pipes in the system, this 

had not been set into concrete and so was relatively easy to remove. The inlet filter at the dam 

wall had also fallen apart and needed to be rebuilt.
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It should be noted that the project site was chosen by the implementing partner GOAL, due 

to the location of the river dam which had been recently constructed by them. It was 

envisaged that the dam would provide a sustainable source of water for the continuous flow 

system, as it was predicted to fill sufficiently during the rainy seasons to provide year-long 

capacity. In addition, the design intention was for the dam to silt up over time and so provide 

a subsurface water source, whereby water would be stored within the silted up area and 

therefore be less vulnerable to evaporation.

Figure 8-3 Continuous flow solar water disinfection system and dry river dam with piping to reactor, 

2011 .

Rains had failed in the area for the previous three years. Heavy rains are expected around 

April to June each year and to a lesser extent in November but 2011 was the third year in a 

row that rains had failed and widespread drought was being experienced across Kenya. The 

river dam was completely dry but a few water holes had been dug upstream of the dam, as 

shown in Figure 8-4.
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The main observations from the field visit were that the villagers seemed to be enthusiastic 

about the system and wanted to see it operational again. They appeared motivated to operate 

and maintain the system but were disappointed with the lack of follow up and support that had 

been provided after the project was completed in 2008. The main problem faced by the 

village in 2011 was lack of water and women were forced to make a 14 km round trip to 

collect drinking water. Due to unreliable rainfall, the river would no longer be a sustainable 

water source for year-long water supply but it had the potential to become a seasonal water 

supply option when rains returned. A back-up water supply in the form of a borehole was 

proposed as a potential solution to the water supply issues, which would serve the village 

during periods of drought when the river bed was dry and the continuous flow reactor could 

not be operated.

Figure 8-4 Dry river bed upstream of dam wall and hand-dug water hole in river bed, 2011.

8.6.3. Phase 2 of Project: Fundraising in 2012 and Implementation in 2013

Significant investment had been made in the original pilot project by private donors, as well 

as the investment in terms of time and effort made by the community during the project 

construction. Taking this into consideration and the unfortunate situation that the villagers
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were still without water due to severe drought conditions, it was decided that a serious effort 

should be made to provide an alternative water source for the people in the form of a borehole 

and to rehabilitate the continuous flow solar water disinfection system, so that it would be 

operational when rains did arrive.

8.6.3.1. Project Funding

Due to the nature of ftinding for this research to date, which had involved public academic 

fiinding for individual research students and private donations for fieldwork, difficulty was 

encountered when attempting to source funds to continue work on the pilot project in Kenya. 

Since it was unlikely that funding would become available through usual academic sources or 

through development/ humanitarian agencies, it was decided to test a new fiindraising method 

in the form of a web-based crowd-funding campaign. Crowd-funding has just started to 

become an alternative source of money for scientific academic research and has been used 

successfully in academia and the private sector as both an addition and a substitute to typical 

grant funding (Perlstein, 2013). According to Marshall (2013), crowd-funding ‘is giving 

researchers the opportunity to take their research in new directions, funding graduate students 

or undergraduates who can do a lot with a little bit of money.’ In addition, with traditional 

sources of funding becoming more difficult to source, it is a good way of broadening funding 

options and in generating interest in a research area.

The crowd-funding campaign was launched in January 2012 and involved six weeks of 

intensive fundraising. The total project ftind collected at the end of six weeks exceeded the 

original target of €22,000 and was the result of over 200 individual online donations (see 

Figure 8-5), as well as money raised through specific fund-raising events during the campaign 

period. Significant interest in the project was generated within the university and beyond, 

with considerable media coverage, which showed the power of the crowd-funding mechanism 

in terms of spreading interest in the research area among a broader group. The large amount 

of money received was also significant, given the particularly depressed economic conditions 

in Ireland at that time.
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Figure 8-5 Web-based crowdfunding campaign.

S.6.3.2. Project Implementation

Case Study

Once the project funds had been raised, implementation needed to be planned, which 

proved to be a big challenge given the lack of resources and capacity in Kenya. The first step 

of implementation involved getting a comprehensive hydrogeological survey carried out. This 

was completed in March 2012 by a local hydrogeological consultancy based in Nairobi 

(previously used by UNICEF in the area) and was overseen by the original project 

implementer, Colin Price. The survey revealed several potential sites for drilling but one spot 

in particular was recommended. During this time, consultations were also made with the 

water committee and the village representative regarding the proposed project to drill a 

borehole and to get the continuous flow reactor ready for future rains which might replenish 

the river. Once project implementation had been agreed with the community and the survey 

report was complete, tenders were drawn up and sent to several drilling contractors
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recommended by humanitarian agencies who had worked on drilling projects in Kenya. The 

drilling contractor was chosen and plans were made to complete the project in April 2013, 

including application for the necessary drilling permits by the contractor.

On arrival in Kenya in April 2013 the following points were noted:

The reactor and collection tanks had been badly damaged in flash floods the previous 

year, as show in Figure 8-6.

The river dam was completely dry, despite some rains during the rainy season in 

November.

The recommended drilling spot was far from the solar reactor location and so it was 

not possible to connect the projects, as had been envisaged.

It would be necessary to complete the following in order to get the solar reactor ready for 

use again:

• Piece together remaining tubes and reflectors (including spares which had been 

provided as part of original project).

• Level the reactor and repair sunken reactor supports.

Repair the collection tanks and tap-stand area.

• Repair the inlet pipe and filter.

• Repair and reinforce gabions surrounding the reactor area in order to protect 

reactor from any future flash flooding.

Replace the oudet pipe and valve from reactor to the collection tanks.

Leak test the reactor.
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Figure 8-6 Reactor found badly damaged in April 2013.

Work was carried out with people from the village over a period of three weeks. Once the 

basics of the system had been shown, people were very comfortable working with the system. 

All of the listed issues were completed, although considerable problems were encountered 

when trying to make the system leak-tight, as 0-rings were missing from many o f the pipe 

connections. Silicone was used were necessary to overcome this issue, although this was not 

an ideal solution. Heavy rains arrived during the second week of the project and the river dam 

was once again full. It was therefore possible to get the reactor fiilly fiinctioning before the 

project time came to an end. Figure 8-7 shows local men fitting together the reactor to make 

six complete panels (the original installation had seven panels). Figure 8-8 shows repair of the 

collection tanks and tap-stand area and the river dam full after heavy rainfall.
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Figure 8-7 Local men rebuilding the reactor with remaining tubes and reflectors.

Figure 8-8 Repair of tanks and tap-stand area and river dam full after heavy rains.

The drilling aspect of the project proceeded separately to the reactor rehabilitation. A 60 m 

borehole was drilled at the most likely point for water, as recommended in the 

hydrogeological survey (see Figure 8-9). Water was reached at 20 m and 24-hour pumping 

tests revealed ample recharge to ensure the sustainability of the well. A flowrate of
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3.1m^/hour (52 litre/min) was maintained without drawdown for 24 hours, which far exceeded 

the predicted use and capacity of the India Mark II pump. The maximum daily use of the well 

was estimated to be 6.5 m^ with a maximum flowrate of 13 litre/min from the pump, which 

was well within the capacity of the borehole in the long term. Water analysis later showed 

that the water was saline, however, and so could only be used for livestock and washing. 

Salinity can be an issue for groundwater in this part of Africa and while the result was very 

disappointing, feedback from the community since project implementation suggests that the 

borehole has been a major boost to the community despite the salinity issue.

Figure 8-9 Borehole drilling.

The water committee was trained in basic operation and maintenance of the India IVlark II 

pump which was installed and they planned to meet regularly, taking small fees from users 

which would be put towards a maintenance ftind for the system. Figure 8-10 shows vomen 

using the well and a water committee meeting two months after project installation. The water 

committee had a large female representation, as they would be the major users of the system.
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Figure 8-10 Women using new borehole and water committee meeting two months after project 

implementation.

8.6.4. Design and Installation Issues for the Continuous Flow Reactor

Some problematic design and installation issues emerged during commissioning of the 

continuous flow reactor, which will be reviewed in this section.

Air-locks

One of the main problems was the difficulty in filling the system without trapping 

significant quantities of air in the tubes. There was no easy way to bleed airlocks from the 

system and therefore it is recommended that air-valves be placed intermittently at tube 

connections, to allow air to be removed easily and ensure that tubes are completely filled 

during operation.

Protection from Flash Floods

In locations which are prone to extreme weather events such as heavy rain and flash floods, 

adequate protection from the elements is needed. The reactor had been badly damaged in 

flash floods in 2012 and while the reactor position was well above the water level of the river

409



Case Study

bed during the rainy season, it was not beyond the path of flash floods. It is therefore 

important to consider flooding possibilities when choosing the location of this system 

particularly as low ground which is conducive to a gravity water feed, may put the reactor at 

risk during periods of heavy rainfall. Flooding patterns are very difficult to predict or identify 

when just arriving in an area, however, and it is essential to seek local knowledge in order to 

evaluate risks sufficiently. In addition, the design of gabions and other protective methods 

should take extreme conditions into account. Finally, it is essential that adequate fencing is 

put in place around the system to prevent wildlife and children fi*om interfering with 

equipment.

Vulnerability to Theft

There was a significant threat to the system with regard to security, with valuable items 

such as galvanised pipe and valves being vuhierable to theft. While the system was being 

repaired, efforts were made to secure valuable fixtures by fixing them in concrete and 

covering them where possible in order to make them difficult to be removed. In addition, 

expensive pipes and fittings were avoided and PVC alternatives were used where possible. 

The issue emphasises the need to keep systems as simple as possible to avoid unwanted 

attention in terms of possible theft and to make replacement of broken or stolen items feasible 

for the commimity. It was also discovered, when the reactor was dismantled and rebuilt, that 

0-rings were missing from several of the plastic tube coimections, making it extremely 

difficult to get the reactor leak tight. This highlights the importance of providing sufficient 

spare parts and also in minimising the nimiber of parts in the system which can be easily 

removed and lost.

Weathering and Exposure

In terms of weathering, the reactor was found to be in very good condition five years after 

initial installation, once it had been rebuilt and cleaned. Reflectors had weathered slightly, 

with a lot of scratches due to dust and debris, but still had very high reflectivity when cleaned.
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Dust collection on reflectors was significant, however, and so regular cleaning of these is 

needed in dry dusty climates.

Filter System

The rebuilt filter system used to treat the river water before it passed into the reactor was 

very simple, consisting of a mixture of sand and stones, which was designed to silt up as dirty 

water passed through over a period of time. After the initial rains, the water flowing through 

the reactor from the river dam was highly coloured, full of fine particles which did not settle 

out easily. However, a week of operation was sufficient to allow the filter to silt up and the 

water was observed to be much clearer passing through the reactor, although still slightly 

coloured. Adequate T-valve points for flushing and cleaning the inlet pipe and reactor are 

recommended in order to remove any dirt which builds up over time.

Unpredictable Weather Patterns

The final issue involved the severe drought experienced in Kenya since the original project 

was carried out in 2008, which highlights sustainabihty challenges in light of changing 

weather patterns. The experience in Ndulyani shows that rivers which previously replenished 

adequately during the rainy season to give year-round water supply, can no longer be relied 

upon to do so. Understanding the behaviour of both surface and groundwater given the 

unpredictable nature of rains is a significant challenge for new water projects. In order to 

avoid the problems encountered with this pilot project in terms of reliable water supply, 

projects sites need to be chosen carefully and take the full implications of climate change into 

consideration.

8.6.5. Project Implementation Partners

The experience of carrying out the initial pilot project and the follow-up rehabiUtation of 

the system underlined the importance of engaging suitable implementation partners. While 

international humanitarian agencies are attractive partners and generally have significant
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capacity in terms of logistical support, uncertainty surrounding the long term presence of 

international NGOs and UN agencies in areas, particularly isolated areas of developing 

countries, emphasises the importance of involving local partners with a vested interest in 

maintaining a relationship with the project in the long term. This is particularly significant for 

projects with a research element, where monitoring and evaluation are essential in ensuring a 

fiill understanding of the effectiveness and appropriateness of the system is obtained.

Despite efforts before and during implementation of the second phase of the project to 

engage the local Diocese of Kitui, which had been involved in the initial project, and to 

identify other local organisations which may have been in a position to get involved, the 

second phase of this project was carried out by two engineers fi'om freland and the 

conmiunity, in addition to the drilling contractor from Kenya. This proved to be a major 

challenge, mainly due to the lack of logistical support and resources in the area. However, 

local businesses in the neighbouring towns proved to be invaluable when it came to sourcing 

parts and expertise, particularly for the rehabilitation of the reactor, which required 

considerable amount of time and materials. Contact was also made with the local 

governmental water officer, although his ability to get directly involved was limited due to the 

large area he was responsible for.

A further issue, which was particular to carrying out the project as an outside implementing 

partner with the community, was the time constraint for completing the project. Only three 

weeks was available to implement the project, which proved to be a major challenge when 

delays were experienced from the outset in Kenya. The drilling rig intended for the project 

broke down just before arrival in Kenya and over two weeks were spent by the contractor 

finding a replacement rig, which subsequently broke down during the first day of drilling. 

Delays such as these are to be expected when carrying out projects in a developing country 

context and for an implementing partner based in the region, they can be dealt with easily. 

However, given the very limited time-frame for this project, all delays were critical and 

although the project was finished within the allotted three weeks duration, time which had 

been earmarked for additional community discussion and training was lost as a result.
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The conclusions drawn from the experience of carrying out the second phase of the project, 

independent of a local implementing partner, were that it is possible to successfiilly complete 

this type of project if the local community and surrounding areas are involved. In fact the 

experience showed that local businesses and suppliers can be extremely innovative and pro

active when it comes to finding solutions to project implementation, particularly in terms of 

sourcing materials and expertise. However, the major constraint lies beyond the physical 

project installation, in terms of providing medium- to long-term support for the community 

and for carrying out monitoring and evaluation of the system. This is particularly relevant for 

anything novel such as the continuous flow system and it would be extremely beneficial to 

collaborate with local universities or research-based organisations, which may be in a position 

to oversee the monitoring and evaluation stage and so become part o f the overall research 

effort. Due to the remote location of the village, it proved very difficult to provide follow up 

support. However, a field visit by an experienced water and sanitation engineer was organised 

two months after the project had been implemented and it was found that both the reactor and 

borehole were still in operation and feedback from the community was positive.

8.6.6. Sustainability Considerations

As pointed to previously, community participation in the planning and construction of 

water interventions has become an integral part of projects in an effort to improve 

acceptability, support and sustainability of projects (Dungumaro and Madulu, 2003). In 

particular, participatory planning is thought to play a large part in giving community members 

a sense of ownership for the water system, which helps to ensure long term commitment from 

users to its operation and maintenance. Marks and Davis (2012) attempted to measure the 

sense of ownership in communities of Kenya where water projects had been carried out and 

found that a sense of ownership was significant in cases where households had individual 

water taps and where users were involved in key decisions related to the system, contributed 

towards the capital costs of system construction, and participated directly in planning and 

construction activities. Prokopy (2005) also found that in village scale projects in India, 

capital cost contributions and household involvement in decision making were independently
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significant predictors of household satisfaction, equal access, and time savings. Kleemeier 

(2000) examined water projects performed under the Malawi rural piped water scheme 

programme and found that long term performance o f projects was best where cash 

contributions from consumers had been implemented and smaller schemes were constructed.

Community members did not provide capital cash contributions towards phases 1 or 2 of 

this pilot project but a scheme of charging for use of the borehole and continuous flow 

disinfection system was agreed during phase 2 of the project. In addition, community 

members were involved in the preparatory and construction phases of the project and were 

trained in the operation and maintenance of both systems. However, the ability to get the 

community involved, particularly in decision making prior to implementation, was extremely 

difficult given the limited time in Kenya. A consultation session was carried out with the 

community when the hydrogeological survey was carried out a year prior to project 

implementation and communication was continued by phone with the village representative in 

terms of preparation for implementation prior to travelling to Kenya in 2013. In addition, the 

drilling contractor and village representative were in communication during project planning 

and follow-up. These consultations facilitated participation during the three week project 

implementation period in Kenya but it was ver>' evident, however, that sufficient community 

involvement is difficult to achieve when projects do not have a local implementing partner to 

engage the community for more extended periods of consultation prior to and post

implementation. This aspect of community involvement and ownership was much easier to 

accomplish during phase 1 of the project, which had both a local and international 

implementing partner operating in the area. This was a significant limitation to the overall 

project success and the author would stress the need to engage implementing partners located 

in the area where possible in order to maximise community involvement during all phases of 

the project, including planning, implementation and monitoring/ evaluation.

The water committee which was set up during phase 1 o f the project was brought together 

again during phase 2 (with some new members) and included a mix of men and women of 

different ages from the village, with a higher female representation given that they would be
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the primary users. Prokopy (2005) found that transparency in water committee operations was 

a significant determinant of both tariff payment and community belief in the system’s ability 

to be sustainable. This was also confirmed by Isham and Kahkonen (2002), who found that 

monitoring of contributions was important for project outcomes. Madrigal et al. (2011) 

observed that the most important mechanisms linked to high performance of community-based 

drinking water organisations in rural Costa Rica were working rules enforced by the local 

communities and properly defined local accountability, as well as the capacity of local leaders 

to generate appropriate incentives to involve the community in sustainable solutions. They 

found that a combination of these attributes led to a situation in which communities expressed 

a high sense of ownership and desire to assume the costs necessary to run the systems 

properly. Prokopy (2005) concluded that it is important to develop best practices to enable 

village committees to operate with transparent management styles, particularly as the 

operation and maintenance of community water systems continues to be decentralised. During 

this project, every effort was made to ensure that elected members of the water committee 

were considered to be trustworthy and dependable, particularly in terms of handling 

community money. The inclusion of a majority of women was considered to be a significant 

issue in this regard by female members of the community. It should be noted that this type of 

participatory approach sets up community organisations capable of managing very small rural 

schemes but it does not address the need of larger schemes for support from a competent 

external agency (Kleemeier, 2000).

8.7. Conclusions

Making the transition from laboratory to pilot testing in the field is challenging for novel 

water projects intended for use in developing countries, particularly in terms of funding and 

capacity. Difficulty can be encountered in persuading humanitarian agencies or government 

bodies to try a new approach to water treatment and so identification of suitable implementing 

partners is problematic. The continuous flow solar water disinfection pilot project shows the 

importance of having local capacity when implementing pilot projects, and although this is not
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essential in terms of successful installation of a system, it is invaluable with regard to ensuring 

community participation and therefore the sustainability o f the system. In addition, due to the 

novel nature and research element of this type of project, a monitoring and evaluation capacity 

is essential. This is again very difficult to achieve without local implementation capacity and 

the author would recommend that future pilot projects of this nature would try to collaborate 

with local universities or organisations with a research interest, in order to ensure the 

necessary capacity in the field to manage all stages o f the project, from plaiming to 

implementation and finally monitoring and evaluation. Ensuring community participation in 

all aspects o f a project is a crucial element o f maximising project sustainability and 

acceptability and for creating a sense of ownership o f the system within the community.

In terms of funding, a web-based crowd-funding campaign proved to be a very promising 

alternative to traditional sources o f academic funding and was found to bring a much broader 

interest group to the research area beyond academia. This may be an important funding option 

for future projects of this type, which aim to bring research from the laboratory to field-testing 

stage.

Finally, the performance o f the continuous flow system while it was in use was found to be 

satisfactory and feedback from the community regarding operation of the system and quality 

of water was positive. In addition, some small design changes such as inclusion o f air-bleed 

valves, would significantly improve system operation for fiiture pilot projects. However, the I  

project experience clearly shows the need for better understanding of the behaviour of both 

surface and groundwater, given increasingly unpredictable weather patterns in developing 

countries.
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Appendix A Photolytic Inactivation Curves for Bacteria Showing 

Average Maximum Disinfection Coefficients, kmax̂  Calculated with GInaFiT

E. coli
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Figure A-1 E. coli photolytic disinfection the CPC, km»i. Linear-Tail model.
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Figure A-2 P. aeruginosa photolytic disinfection the CPC, k^,,. Linear-Tail model.
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E. faecalis

7.00

6.00

5.00

4.00

3.00
kmax = 0.73 litre/kJ2.00
R2 = 0.89

1.00

0.00
30.00 40.000.00 10.00 20.00

Cumulative UV-A Dose (kJ/litre) ♦  Measured
Identified

Figure A-3 E. faecalis pliotolytic disinfection the CPC, km„. Linear-Tail model.

B. megaterium

6.00

5.00

4.00 knnax = 2.83 litre/kJ 
R^"0.97__________M 3.00

2.00

1.00

0.00
0.00 10.00

Cumulative UV-A Dose (kJ/litre)

20.00 30.00

♦  Measured 
—  Identified

Figure A-4 B. megaterium photolytic disinfection the CPC, k„,„. Linear-Tail model.
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S. entereditis
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Figure A-5 S. enteriditis photolytic disinfection the CPC, km,,. Shoulder-Linear-Taii model.
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Figure A-6 B.subtilis photolytic disinfection the CPC, k„aj. Linear-Tail model.
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K. pneumoniae

8.00
7.00

kmax = 1.14 litre/kJ
6.00 R2 = 0.99
5.00

4.00

3.00

2.00

1.00

0.00
0.00 10.00 20.00 30.00 40.00

Cumulative UV-A Dose (kJ/litre) ^  Measured
" ' Identified

Figure A-7 K. pneumoniae photolytic disinfection the CPC, k„„. Shoulder-Linear-Tail model.
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Figure A-8 E. aerogenes photolytic disinfection the CPC, Shoulder-Linear-Tail model.
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S. aureus
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Figure A-9 S. aureus oxford photolytic disinfection the CPC, km,i. Linear-Tail model.

S. marcescens
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Figure A-10 S. marcescens photolytic disinfection the CPC, kma,. Shoulder-Linear-Tail model.
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Appendix B 

Trials

Average UV-A Intensity Levels for Bacterial Photolytic

E. coli
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Figure B-1 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli photolytic disinfection in the CPC in distilled water.
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Figure B-2 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli photolytic disinfection in the CPC in spring water.
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Figure B-3 (a) Frequency of occurrence of UV-A intensity (a) and (b) cumulative frequency of UV-A 

intensity for E. coli photolytic disinfection in the PTC.
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Figure B-4 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 
intensity for P. aeruginosa photolytic disinfection in the CPC.
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Figure B-5 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for P. aeruginosa photolytic disinfection in the PTC.

E. coli and P. aeruginosa combined experiments
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Figure B-6 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coii and P. aeruginosa combined photolytic disinfection in the CPC and PTC.
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E. faecalis
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Figure B-7 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. faecalis photolytic disinfection in the CPC.

B. megaterium
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Figure B-8 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for B. megaterium photolytic disinfection in the CPC.
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S. entereditis
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Figure B-9 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for S. enteriditis photolytic disinfection in the CPC.

B. subtilis
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Figure B-10 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for B. subtilis photolytic disinfection in the CPC.
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K. pneumoniae
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Figure B-11 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for K. pneumoniae photoiytic disinfection in the CPC.

E, aerogenes

140

I  120

100

3w
6
■s

80

60

40

Z 20

H XL

6 w O
PM <N O inro O m oin min

Ow LO o in
rv j

O
r O

m
r o

o m o
m

UV-A In tensity  (W /m^)

100

80>*u
C
41
3VVw
4>
>

3
E
3U

20

0 5 10 15 20 25 30 35 40 45 50 55

UV-A Intensity (W/m^)

(a ) (b )

Figure B-12 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. aerogenes photoiytic disinfection in the CPC.



Appendices

S. aureus
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Figure B-13 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for S. aureus oxford photolytic disinfection in the CPC.
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Figure B-14 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for S. marcescens photolytic disinfection the CPC.
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Appendix C Photocatalytic Inactivation Curves for Bacteria 

Showing Average Maximum Disinfection Coefficients, k̂ ax? Calculated with 

GInaFiT
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Figure C-l E. coli photocatalytic disinfection using suspended TiO^ in the CPC, km*,. Linear-Tail 

model.
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Figure C-2 E. coli photocatalytic disinfection using suspended TiO: in the PTC, k„,„. Shoulder- 

Linear-Tail model.
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Ru(bpy)3Ch
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Figure C-3 E. coli photocatalytic disinfection using Ru(bpy)3Cl2 in the CPC, kn,,,. Linear disinfecton 

occurred within 15 minutes of exposure. k„,„ calculated using Equation 4.1, since GiNaFiT requi-es 

more than two data points to apply the model of best fit.
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Figure C-4 E. coli photocatalytic disinfection using Ru(bpy)3 Cl2 in the PTC, k,„„. Linear-Tail mode.
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TiOz & Ru(bpy)iCl2
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Figure C-5 E. coli photocatalytic disinfection using suspended TiOj and Ru(bpy)3 Cl2  in the CPC, kmai. 

Linear-Tail model.
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Figure C-6 E. coli photocatalytic disinfection using suspended ZnO in the CPC, k„,„. Linear model.
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ZnO & Ru(bpy)jCl2
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Figure C- 7  E. coli photocatalytic disinfection using suspended ZnO and Ru(bpy)3Cl2 in  the CPC, 

L inear-Ta il model.
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T1O2 Insert #1
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Figure C-8 E. coli photocatalytic disinfection using Ti02 insert #1 in the CPC, km,,. Shoulder-Linear- 

Tail model.
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Figure C-9 E. coli photocatalytic disinfection using Ti02 insert #1 in spring water in the CPC, k„„. 

Shoulder-Linear-Tail model.
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T1O2 Insert #2
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Figure C-10 E. coli photocatalytic disinfection using TiOj insert #2 in the CPC, k„„. Shouloer- 

Linear-Tail model.
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Figure C-11 E. coli photocatalytic disinfection using TiO; insert #2 in spring water in the CPC, kg„. 

Shoulder-Linear-Tail model.
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Appendix D Average UV-A Intensity Levels for Bacterial 

Photocatalytic Trials

Suspended Ti02

100120

100
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(a) (b)

Figure D-1 (a) Frequency o f occurrence o f UV-A intensity and (b) cum ulative frequency o f  UV-A  

intensity for E. coli photocatalytic disinfection with suspended T i02 in the CPC and PTC.
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Figure D-2 (a) Frequency o f  occurrence o f UV-A intensity and (b) cum ulative frequency o f UV-A  

intensity for E. coli photocatalytic disinfection with Ru(bpy)3Cl2 in the CPC and PTC reactors.



Suspended Ti02ond Ru(bpy)}Cl2
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Figure D-3 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A  

intensity for E. coli pliotocatalytic disinfection with Ti02 and Ru(bpy)3Cl2 in the CPC.
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Figure D-4 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A  

intensity for E. coli photocatalytic disinfection with ZnO in solution in the CPC.



Suspended ZnO  and Ru(bpy)sCl2
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Figure D-5 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli photocatalytic disinfection with ZnO and Ru(bpy)3 Cl2 in the CPC.

Fixed Ti02 Insert #I
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Figure D-6 (a) Frequency of occurrence of UV-A intensity and (b) cumulative frequency of UV-A 

intensity for E. coli disinfection with fixed TiOi insert #1 in the CPC.



Appendices

Fixed Ti02 Insert #2
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Figure D-7 (a) Frequency o f occurrence o f UV-A  intensity and (b) cumulative frequency o f UV-A 

intensity fo r E. co li disinfection w ith  fixed T i02  insert #2 in the CPC.
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Figure D-8 (a) Frequency o f occurrence o f U V-A  intensity and (b) cumulative frequency o f UV-A 

intensity fo r E. co li disinfection w ith  fixed T i02  insert #1 in  spring water in the CPC.
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Fixed T1O2 Insert #2 in Spring Water
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Figure D-9 (a) Frequency of occurrence of UV-A intensity and (b) cum ulative frequency of UV-A 

intensity for E. coli disinfection with fixed Ti02 insert #2 in spring w ater in the CPC.
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Appendix E Photolytic and Photocatalytic Inactivation Curves for 

Bacteriophages Showing Average Maximum Disinfection Coefficients, kmax? 

Calculated with GlnaFiT
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Figure E-1 PR772 photolytic disinfection in the CPC, Linear model.
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Figure E-2 OX174photolytic disinfection in the CPC, k„„. Linear-Tail model.
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Figure E-3 IVIS2 photolytic disinfection in the CPC, L inear model.
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Figure E-4 PR772 photolytic disinfection in the PTC, k„,i. Shoulder-L inear model.
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Figure E-5 0X 174 photolytic disinfection in the PTC, km>,. Linear model.
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Figure E-6 1MS2 photolytic disinfection in the PTC, km„. Shoulder-Linear model.
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Ru(bpy)3Cl2 Photocatalysis CPC
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Figure E-7 PR772 photocatalytic disinfection with Ru(bpy)3 C l2  in the C PC, kma,. Shoulder-Linear 

model.
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Figure E-8 0 X 1 7 4  photocatalytic disinfection with Ru(bpy)3 C l2  in the CPC, Linear model.



Ru(bpy)sCl2 Photocatalysis PTC
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Figure E-9 PR772 photocatalytic disinfection with Ru(bpy)3C l2 in the PTC, 

model.
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Figure E-10 <I>X174 photocatalytic disinfection with Ru(bpy)3Cl2 in the PTC, kn,.,. Linear model.
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NOTE: MS2 displayed immediate disinfection to the detection limit between 0 and 15 

minutes in both the CPC and PTC and so GInaFiT could not be used to find the model of best 

fit or to calculate the maximum disinfection coefficient, as only two data points were 

available.
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Figure E-11 PR772 disinfection with TiOj insert #1 in the CPC, km,,. Linear model.
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Figure E-12 <1>X174 disinfection with TiOz insert #1 in the CPC, km„. Linear model.
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Figure E-13 MS2 disinfection with Ti02 insert #1 in the CPC, kmai- Linear model.
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Figure E-14 PR772 disinfection with TiOj insert #2 in the CPC, km,,. Shoulder-Linear model.
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Figure E-15 0X 174  disinfection w ith TiOz insert #2 in the CPC, k^ ,,. Shoulder-Linear model.
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Figure E-16 MS2 disinfection w ith  T i02 insert #2 in the CPC, k^ax- L inear-Tail model.
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Appendix F Stroboscopic Regime Inactivation Curves Showing 

Average Maximum Disinfection Coefficients, kmax» Calculated with GInaFiT
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Figure F-1 E. coli photolytic disinfection in the CPC using stroboscopic regime #1, kmax- Shoulder- 
Linear-Tail model.
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Figure F-2 E. coli photolytic disinfection in the CPC using stroboscopic regime #2, kmai- Shoulder- 

Linear-Tail model.



Appendices

7.00

6.00
kmax = 2.22 litre/kJ

5.00 R2 = 0.99
4.00

3.00

2.00

1.00

0.00
10.00 15.00 

♦  Measured 

^ Id e n tif ie d

5.000.00

Cumulative UV-A Dose (kJ/iitre)

Figure F-3 E. coli photo lytic disinfection in  the CPC using stroboscopic regime #3, k, 

L inear-T a il model.
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F igure F-4 E. coli photo lytic disinfection in  the CPC using stroboscopic regime #4, kmaj. Shoulder- 

L inear-T a il model.
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Figure F-5 E. coU pliotolytic disinfection in the CPC using stroboscopic regime #5, Shoulder- 

Linear-Tail model.
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Figure F-6 E. coli photolytic disinfection in the PTC using stroboscopic regime #1, k „ „ . Shoulder- 

Linear model.
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Figure F-7 E. coli photolytic disinfection in the PTC using stroboscopic regime #2, Shoulder- 

Linear-Tail model.
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Figure F-8 E. coli photolytic disinfection in the PTC using stroboscopic regime #3, kmn* Shoulder- 

Linear model.
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Figure F-9 E. co li photolytic disinfection in the PTC using stroboscopic regime #4, k, 

L inear model.
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Figure F-10 E. co li photolytic disinfection in the PTC using stroboscopic regime #5, Shoulder- 

L inear model.
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T1O2 Inserts
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Figure F-11 E. coli disinfection in the CPC using stroboscopic regime #4 and T iO j insert #1, kmax- 

Shoulder-Linear-Taii model.
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Figure F-12 E. coli disinfection in the CPC using stroboscopic regime #4 and T 1O 2 insert #2, k^,,. 

Shoulder-Linear model.



Appendices

Bacteriophages CPC
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Figure F-13 PR772 disinfection in the CPC using stroboscopic regime #4, kg,,,. Shoulder-Linear 

model.
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Figure F-14 0X174 disinfection in the CPC using stroboscopic regime #4, k^a,. Linear-Tail model.
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Figure F-15 MS2 disinfection in the CPC using stroboscopic regime #4, k„ 

model.
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Figure F-16 PR772 disinfection in the PTC using stroboscopic regime #4, k, 

model.
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Figure F-17 ®X174 disinfection in the PTC using stroboscopic regime #4, k„ai. Shoulder-Linear-Tail 

model.
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Figure F-18 MS2 disinfection in the PTC using stroboscopic regime #4, kmax- Shoulder-Linear model.
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Appendix G SORAS and Solar Disinfection Combined Inactivation 

Curves Showing Average Maximum Disinfection Coefficients, k̂ ax? 

Calculated with GInaFiT

5.00

4.00

Z  3.00

1.00

0.00
0.00

kmax = 0.74 litre/kJ
R2 = 0.93

10.00 20.00

Cumulative UV-A Dose (kJ/litre)

30.00 40.00
♦  M easured

—  Identified

Figure G-1 Combined pliotolysis of E. coli and arsenic removal with starting As concentration of 1000 

fig/litre and Fe concentration of 15 mg/litre., Linear-Tail model.

6.00

5.00
kmax = 0.49 litre/kJ

4.00 R2 = 0.97z
tjo 3.00 
o

2.00

1.00

0.00
10.00 20.00 30.000.00

Cumulative UV-A Dose (kJ/litre) ♦  M easured
—— Identified

Figure G-2 Combined photolysis of E. coli and arsenic removal with starting As concentration of 1000 

|iig/litre and Fe concentration of 10 mg/litre., k„ax. Linear model.
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7.00
kmax = 0.52 litre/kJ6.00
R2 = 0.94

5.00

4.00

3.00

2.00

1.00

0.00
0.00 10.00 20.00 30.00 40.00

Cumulative UV-A Dose (kJ/litre) ^  Measured
 Identified

Figure C-3 Combined photolysis of E. coli and arsenic removal with starting As concentration of 1000 

^g/litre and Fe concentration of 5 mg/litre., km.i- Linear-Tail model.
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Appendix H Thermal Model Excel Spreadsheet Screen Shots

A selection of screenshots showing the excel spreadsheet used to model thermal behaviour 

of the CPC and PTC is shown in this section. Screenshots begin at the far left of the 

spreadsheet and work towards the right, showing the various calculation steps.

Values for parameters used in the model include the following:

Aluminium Reflectivity: pr = 0.85 for CPC

Pr = 0.75 for PTC 

Borosilicate Glass: tta = 0.05

Ta = 0.92 

Radiation Absorption Water:

Ke = 0.3 m 'for Irish conditions

Ke = 0.5 m 'for developing country conditions

Fa = 0.04 for Irish conditions

Fa = 0.1 for developing country conditions
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10 M in

11
12 0
13 0
14 0
15 0
16 0
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19 0
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1

i i > ►!

F G H I J  K  L M N ‘ G P Q  ̂ R S  T U V W X Y 2 AA [
M easu red  with A m bient T herm ocou p le  M easu red  v ith  RTD

O verall C ollector  D im ensions T ube D im ensions W ater P ro p erties  ^  2 0  d e g  C

Total Tube No o( T otal A_o_tube A_Ltube T _« ater
Sec T_am b Width Height Area Do Di ALxsec Length Tubes Length _surface _sufface —in rho mu Cp P i k

degC m m m2 m m m2 m m m2 m2 degC kg^mS Ns/m2 J/kgK W^mK
3.21 17.72 1.5 1.6 2.32 0.05 0 0464 0.0017 15 10 15 2.356194 218655 22,547 998.2 0.001 4182.1 6,967 0,6029
6.2 17.48 15 1.6 2.32 0.05 0.0464 0.0017 1.5 10 15 2.356194 2.18655 22,545 998.2 0 001 4182.1 6,967 0,6029

9.24 17.72 1.5 1.6 2.32 0.05 0.0464 0.0017 1.5 10 15 2.356194 2.18655 22.545 998.2 0.001 4182.1 6,967 0,6029
12.2 17.88 1.5 1.6 2.32 0.05 0.0464 0.0017 1.5 10 15 2.356194 2.18655 22.553 998.2 0.001 4182.1 6,967 0,6029
15.3 17.78 1.5 1.6 2.32 0.05 0 0464 0.0017 1.5 10 15 2.356194 2.18655 22.547 998.2 0.001 4182.1 6 967 0,6029
18.2 17.45 1.5 1.6 2.32 0.05 0 0464 0.0017 15 10 15 2.356194 2.18655 22.553 998.2 0.001 4182.1 6,367 0,6029
21.3 17.79 1.5 1.6 2.32 0.05 0.0464 0.0017 1.5 10 15 2.356194 2.18655 22.55 998.2 0.001 4182.1 6,967 0,6029
24.3 17.99 1.5 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.555 998.2 0.001 4182.1 6,967 0,6029
27.3 17.8 1.5 1.6 2.32 0.05 0 0464 0.0017 1,5 10 15 2.356194 2.18655 22.561 998.2 0.001 4182,1 6,967 0,6029
30.3 17.65 1.5 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.558 998.2 0.001 41821 6,967 0,6029
33.3 17.14 1.5 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.561 998.2 0.001 4182,1 6,967 0,6029
36.3 17.15 15 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.558 998.2 0.001 4182,1 6,967 0 6029
39.3 17.02 1.5 1.6 2.32 0.05 0.0464 0.0017 15 10 15 2.356194 2.18655 22.563 998.2 0.001 4182,1 6,967 0,6029
42.3 17.24 1.5 1.6 2.32 0.05 0.0464 0.0017 15 10 15 2.356194 2.18655 22.563 998.2 0.001 41821 6,967 0,6029
45.3 17.48 1.5 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.569 998.2 0.001 41821 6 9 6 7 0,6029
48.3 17.43 1.5 1.6 2.32 0.05 0.0464 0,0017 1,5 10 15 2.356194 2.18655 22.566 998.2 0.001 4182,1 6,967 0,6029
51.3 17.43 1.5 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.566 998.2 0.001 4182,1 6,967 0,6029
54.3 18.28 1.5 1.6 2.32 0.05 0.0464 0.0017 15 10 15 2.356194 2.18655 22.574 998.2 0.001 4182,1 6,967 0,6029
57.3 17.98 1.5 1.6 2.32 0.05 0 0464 0.0017 15 10 15 2.356194 2.18655 22.58 998.2 0.001 41821 6,967 0,6029
0.32 17.87 1.5 1.6 2.32 0.05 0.0464 0.0017 15 10 15 2.356194 2.18655 22.577 998.2 0.001 4182,1 6,967 0,6029
3.95 17.57 1.5 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.577 998.2 0.001 4182,1 6,967 0,6029
6.96 17.42 1.5 1.6 2.32 0.05 0.0464 0 0017 15 10 15 2.356194 2.18655 22.585 998 2 0.001 4182,1 6,967 0,6029
3.99 17.18 1.5 1.6 2.32 0.05 0.0464 0.0017 1,5 10 15 2.356194 2.18655 22.585 998.2 0.001 4182,1 6 967 0 6029

13 17.41 1.5 1.6 2.32 0.05 0.0464 0.0017 15 10 15 2.356194 2.18655 22.585 998.2 0.001 41821 6,967 0,6029
16 17.47 1.5 1.6 2.32 0.05 0.0464 0.0017 15 10 15 2.356194 2,18655 22.591 998.2 0.001 4182,1 6,967 0,6029
19 17.4 1.5 1.6 2.32 0.05 0.0464 0,0017 1.5 10 15 2.356194 2,18655 22.593 998.2 0.001 4182,1 6,967 0 60291

CPC~3b'-07-13 / ' Parabolic 30-07-13 . C P C oY oV is' "p'arabolic’0~2-08-li , C P C 6 3 ^  <

Figure H-1 Reactor dimensions and water properties.
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AM AN AO AP AQ AR AS AT AU AV
7 M easu red  from Pyranom eter
8

9 Upper Limit Energv Balance

A lum inium  A bsorber A bsorber
10 q"_overall. Q _in_sun Reflectivity Absorptivity Transm issivity  Q _in_absorber exp" (-ke*z) Fa Q ^transm itted Q _in_w ater

11 W /m2 W W W

12 744,1307578 1785 91382 0.85 0.05 0.92 75.9013373 0.98511194 0.1 515.9220639 158.371653
13 719.5393759 1726.8945 0.85 0.05 092 73.39301634 098511194 0.1 498.8723231 153.1379252
14 739.2273403 1774.14562 0.85 0.05 0.92 75.40118871 098511194 0.1 512.5224177 157.3280698
15 747.6225854 1794.29421 0.85 0.05 0.92 76 25750371 0.98511194 0.1 518.343024 159.1148107
16 749.9257058 1799 82169 0.85 0.05 0.92 7649242199 0.98511194 0.1 519.9398275 159.6049786
17 750.7429421 1801 78306 0.85 0.05 092 76.57578009 0.98511194 0.1 520.5064352 159.7789091
18 751.0401189 180249629 0.85 0.05 092 7660609212 0.98511194 0.1 520.7124744 159.8421566
19 750.9658247 1802.31798 0.85 0.05 0.92 76 59851412 0.98511194 0.1 520.6609646 159.8263447|
20 7494799406 1798.75186 0.85 0.05 0.92 7644695394 0.98511194 0.1 519 6307688 159.5101074
21 748.2169391 1795.72065 0.85 0.05 092 76 31812779 0.98511194 0.1 518.7551023 159.2413056
22 748.2169391 1795.72065 0.85 0.05 0.92 76 31812779 0.98511194 0.1 518.7551023 159.2413056
23 748 7369985 1796.9688 0.85 0.05 0.92 76 37117385 0.98511194 0.1 519.1156709 159.3519887
24 748.4398217 1796.25557 0.85 0.05 092 76 34086181 0 98511194 0.1 518 9096317 159.2887412
25 746.9539376 1792 68945 0.85 0.05 0.92 76 18930163 0.98511194 0.1 517 8794359 158 9725039
26 744.8736999 1787 69688 0.85 0.05 0.92 75.97711733 0 98511194 0.1 516.4371618 158.5297717
27 743.9821694 1785.55721 0.85 0.05 0.92 75 88618128 0 98511194 0.1 515.8190443 158.3400293
28 743.833581 1785.20059 0.85 0.05 0.92 75 87102526 0.98511194 0.1 515.7160247 15S. 3084055
29 743 0906389 1783.41753 0.85 0.05 0.92 75.79524517 0.98511194 0.1 515.2009268 15S. 1502869
30 742.1991085 1781 27786 0.85 0.05 0.92 75 70430906 0.98511194 0.1 514 5828093 157.9605445
31 740.6389302 1777.53343 0.85 0.05 0 92 75.54517088 0 98511194 0.1 513.5011037 157.6284953

CPC 30-07-13 ParaboSc 30-07-13 , CPC 02-08-13 , Parabok 02-08-13 , CPC 0 3 -fl i 1 n il

Figure H-3 Solar radiation reflected by reflectors, transmitted and absorbed by water and absorber.



7
8

AX AY AZ BA BB

9

10 Convection

11 (degC) Tfl* k (W/mK) Pr V (mVs)
12 22.547 20.2185 0.025969 0.71455 1.55E-05
13 22.547 20.1335 0.025969 0.71455 1.56E-05
14 22.545 20.0125 0.025969 0.71465 1.55E-05
15 22.545 20.1325 0.025969 0,71465 1.56E-05
16 22.553 20.2165 0.025959 0.71455 1.56E-05
17 22.547 20.1635 0.025969 0.71455 1.55E-05
18 22.553 20.0015 0.025969 0.71465 1.56E-05
19 22.55 20.17 0.025969 0.71465 1.56E-05
20 22.555 20.2725 0.025969 0.71465 1.56E-05
21 22.561 20.0805 0.025969 0.71465 1.56E-05
22 22.558 20.104 0.025959 0.71465 1.56E-05
23 22.551 19.8505 0.025969 0.71465 1.56E-05
24 22.558 19.854 0.025969 0.71465 1.56E-05
25 22.563 19.7915 0.025969 0.71465 1.56E-05
25 22.553 19.9015 0.025969 0.71465 1.55E-05
27 22.569 20.0245 0.025969 0.71455 1.56E-05
28 22.556 19.998 0.025969 0.71465 1.55E-05
29 22.555 19.998 0.025969 0.71465 1.56E-05
30 22.574 20.427 0.025969 0.71455 1.56E-05
a t  J 
14 i

TT C O  nn T O  n mcrvcn a  a c c

► H CPC 30-07-13 Parabolic 30-07-13
-1 C C C  A C

CPC 02-08-

Figure H-4 Convection from absorber to the ambient atmosphere.

BC BD BE BF BG BH

Qorr. •  A.

P Raa Nu h A, = ndL,
0.049459653 8 33E-K)5 13.82122039 7.178465447 2.35519449 78.76784944
0.049668463 8.67E-K)5 13.97597357 7.259360533 2.35519449 82.56325396

0.04996877 9.15E-I05 14.19056519 7.370295749 2.35619449 87.95803144
0.04967093 8 65E*05 13.975547 7.258619603 2.35619449 82.52062166

0.049454545 8.35E-05 13.83486112 7.185550165 2.35519449 79.11647749
0.049594564 8.55E+05 13.92234503 7.230987562 2.35619449 81.21830142

0.04999625 9.22E+05 14.22251527 7.385889983 2.35619449 88.81745719
0.049578582 8.53E-K)5 13.91536855 7.22736417 2.35619449 81.05840002
0.049327907 8.14E-K)5 13.73412857 7.133231697 2.35619449 76.72523877
0.049799557 8.93E-K)5 14.09492452 7.320621899 2.35619449 85.57134136
0.049741345 8.82E-»05 14 0479946 7.296247437 2.35619449 84.37528327
0.050376565 9.87E+05 14.49557263 7.529229892 2.35619449 95.17032885
0.050367584 9.85E+05 144860855 7.523783088 2.35519449 95.87029976
0.050526741 1.01E-H)6 14.59968447 7.582784121 2.35519449 99.03408802
0.050247469 9.57E-^05 14.41213476 7.485374552 2.35619449 93.88174182
0.049938825 9.19E-^5 14 2069908 7.378826884 2.35619449 88.4771059
0.050005001 9.28Et05 14.24893714 7.400612971 2.35619449 89,55788809
0.050005001 9.28E-K)5 14.24893714 7.400612971 2.35619449 89.55788809
0.048954815 7.50E-K)5 13.47294463 6.997577981 2.35619449 70,79798921
n A>iA9/vic£c e n n c .A c

Parabok 02-08-13 CPC 03-{ iT^
*7 1 /•T'75'1 i 03 ■n A - rn c



Bi ' b 3  ̂ BK ' BL ' BM ' BN ' BP
CO

Theoretical -
9 Theoretical Theoretica Theoretical Measured Measured Measured Measured

10 Q_in_total dellau.T T_w aler_out Q_irx_total T_water_out

11 W deg C deg C W deg C TOul T In -  T Out

12 164.1282153 0 .2 45 7 2 5 3 22.48472531 168.7887267 22.49170282 -0 .0 0 6 9 7 7 5 0 6 -0 .252702817
13 176.8003146 0 .2 64 6 9 7 4 22 .50 6 6 9 7 4 156.7749472 22.47671633 0.029981071 -0 .234716332
14 191.0963862 0.2861008 22.52810083 159.4442748 22.48071273 0.047388104 -0 .238712728
15 195.5791356 0.2928122 22.5398122 158.7739339 22.48470912 0.055103077 -0 .237709124
16 189.9112534 0 .2 84 3 2 6 5 22.5313265 158.108602 22.48371003 0.04761648 -0 .236710025
17 156.4302371 0 ,2 34 2 0 0 2 22 .48 6 2 0 0 2 5 161.4402524 22.49370102 -0 .0 0 7 5 0 0 7 6 7 -0.241701015
18 164.7685259 0 .2 46 6 8 4 22 .49 6 6 8 3 9 6 161.441456 22.49170282 0.004981138 -0.241702817
19 171.1362158 0.2562174 22.50621737 166.1127792 22.49869651 0.007520861 -0 .24869651
20 184.8642739 0 .2 76 7 7 0 4 2 2 .52 8 7 7 0 4 170,1155669 22 .5066893 0.022081094 -0 .2 5 4 6 8 9 3 0 2
21 203.753195 0 .3 05 0 5 2 2 .5 6 0 0 5 0 0 3 169.4464296 22 .5086875 0.051362531 -0 .2 5 3 6 8 7 5
22 174.0014158 0 .2 60 5 0 7 22.51850702 170.779288 22,513683 0 .0 04824023 -0 .2 5 5 6 8 2 9 9 5
23 150.540359 0 .2 25 3 8 2 2 22.48338219 172.7812836 22,51668029 -0  033298102 -0 .2 5 8 6 8 0 2 9 2
24 178.2377277 0 .2 66 8 4 9 4 2 2 .5 2 9 8 4 9 4 3 176.7822659 22 .52 7 6 7 0 3 8 0.002179051 -0 .264670381
25 187.9707794 0.2814213 22.54442132 174.7802703 2 2 .52 4 6 7 3 0 8 0.019748231 -0 .261673084
26 188.2992854 0.2819131 22.54491314 178.7842616 2 2 .53066768 0.014245462 -0 .2 6 7 6 6 7 6 7 8
27 184.5974783 0.276371 2 2 ,5 4 5 3 7 0 9 6 182.7846421 2 2 .54265687 0.002714096 -0 .2 7 3 6 5 6 8 6 6
28 150.1354485 0 .2 24 7 7 6 2 2 .4 9 0 7 7 5 9 8 186.7904388 22.54565416 -0.054878187 -0 .279654163
29 164.0117714 0.245551 22.51455098 190.1252928 2 2 .55364696 -0  0 39095978 -0 .2 8 4 6 4 6 9 5 5
30 176.2095656 0.263813 22.53781296 186,7856243 2 2 .55364696 -0 .015833995 -0 .2 7 9 6 4 6 9 5 5
31 161.8876799 0 .2 42 3 7 0 9 22.51337088 190.7914211 2 2 .55664425 -0 .0 4 3 2 7 3 3 6 9 -0 .2 8 5 6 4 4 2 5 2
32 167.652051 0.251001 22.52200104 192.1260849 2 2 .55864245 -0.036641412 -0 ,2 8 7 6 4 2 4 5
33 177.9070693 0 .2 66 3 5 4 4 2 2 ,5 3 7 3 5 4 3 9 195.4627443 2 2 .56363795 -0 .0 2 6 2 8 3 5 5 9 -0 .2 9 2 6 3 7 9 4 5
34 176.0305415 0 .2 63 5 4 4 9 2 2 .5 4 0 5 4 4 9 3 193.4571378 2 2 .56663524 -0 .0 2 6 0 9 0 3 0 9 -0 .2 8 9 6 3 5 2 4 2
35 176.0919318 0 .2 63 6 3 6 8 2 2 .54 5 6 3 6 8 4 188.7828055 2 2 .56463704 -0 .0190002 -0 .2 8 2 6 3 7 0 4 4
36 140.2651979 0 ,2 09 9 9 8 7 2 2 ,4 8 8 9 9 8 6 8 194.790598 22.57083164 -0.081632953 -0.291631638
37 147.5611533 0,2209219 22.49192186 200.1340675 22.57063164 -0 .0 7 8 7 0 9 7 8 -0 .29 9 6 3 1 63 8

N* * ► 1 . CPC 30-07-13 ParaboSc 30-07-13 ^ CPC o Y -b e -iV ’ Parabok'62-08-13 CPC

Figure H-5 Model results and measured values.


