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Abstract
The aim  o f this research was to assess a num ber o f parameters that affect the continuous 

flow solar disinfection process. Solar disinfection involves harnessing natural sunlight 

in order to inactivate microbial pathogens from drinking water sources. M ost previous 

research has involved a batch system using transparent containers to expose 

contam inated w ater to natural solar radiation. During the course of this project a 

num ber o f continuous flow reactors were used- small-scale reactors using reflectors of 

different shapes, Parabolic, Com pound Parabolic and V-groove, along with a pilot-scale 

reactor, which was Com pound Parabolic.

Initially a num ber o f experim ents were performed using the sm all-scale parabolic 

reactor and sim ulated solar radiation. Escherichia coli K-12 was used as the test 

organism  in all experim ents (with the exception o f those trials assessing the relative 

resistance of different pathogens to solar disinfection). Param eters examined included 

flow regim e, the incident solar radiation intensity, the effect o f these different intensities 

on different organism s, a comparison of tubing type and a com parison between batch 

process solar disinfection and continuous flow solar disinfection. Each set of 

experim ents was assessed by determ ining the inactivation kinetics under each condition 

and com paring these against a baseline condition.

A com parison of different small-scale reactors was made under simulated solar 

radiation, natural solar radiation of high intensity in southern Spain and natural solar 

radiation o f low intensity in Ireland. Each of the three reactors, each of 1 litre capacity 

was com pared to a non-reflective reactor, which acted as a baseline. The order of 

efficiency o f the four reactors used was found to be the Compound Parabolic, the 

Parabolic and the V-groove with the non-reflective reactor being least efficient in all 

cases. A com parison between simulated and natural solar radiation showed inactivation 

kinetics to be much enhanced under natural solar conditions. The small-scale reactors 

o f capacity 1 litre were also compared with a pilot-scale reactor, which had a capacity of 

35 litres. This showed that the small-scale Compound Parabolic reactor was more 

efficient when disinfection efficiency was assessed with respect to dose. A comparison 

between two different collector areas was also made using the pilot-scale reactor where, 

contrary to previous studies, a smaller illuminated area yielded more efficient results. 

T itanium  dioxide (TiO:) was used as a photocatalyst in order to enhance the solar 

disinfection process in both the pilot-scale (using a suspended catalyst) and the small- 

scale Com pound Parabolic (using a fixed catalyst on glass and paper) reactors. The



catalyst was shown to induce a slight enhancem ent to the solar disinfection process. 

The regrowth capacity of the E. coli K-12 was also assessed in both the solar 

disinfection and solar photocatalytic disinfection process. No regrowth was apparent in 

either system.

The effect o f increased temperature and different volumes on the solar disinfection 

process was also assessed. It was found that a synergistic effect between temperature 

and solar radiation was apparent at tem peratures in excess of 45°. It was found that a 1 

litre volume produced more efficient inactivation kinetics than a 0.4 litre volum e in the 

same am ount of time. This also contradicts the literature and suggests that there may be 

a mechanism other than dose acting on the bacteria.

Several o f the experimental results throughout the thesis indicated that a mechanism 

other than the classical UV dose dependent kinetics might be operating on the system. 

One proposed explanation was that the recirculation o f the bacteria into the reservoir 

(effectively a dark zone) in a continuous flow reactor might induce a stress on the 

bacteria. The proposed stroboscopic mechanism was also exam ined by a series of 

“flashes” or dark zones being introduced into both reactors (batch and continuous flow) 

to exam ine the effect. It was found that a both a series of short flashes and a long dark 

period enhanced the solar disinfection kinetics, suggesting that an optim um  balance 

exists between frequency of flash, length of flash and a following dark period.

Finally, an effort was made to use the inactivation kinetics found during this project to 

design a full-scale system for water supply for a village in a developing country. A 

series of design charts were compiled suitable for field use in developing countries.

The use o f continuous flow solar disinfection is a novel and appropriate way to harness 

the sun’s energy to produce clean water, it is o f interest particularly in developing 

countries which tend to have an abundance of sunshine.
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CHAPTER 1

I n t r o d u c t i o n



1.1 Introduction
“Access to safe w ater is a fundamental human need and, therefore, a basic hum an right. 

Contam inated water jeopardises both the physical and social health o f all people. It is an 

affront to human dignity”

Kofi Annan, 2002.

The com bination o f safe drinking water and hygienic sanitation facilities is a precondition 

for health. Yet one person in six, more than one billion people have little or no choice than 

to use potentially harmful sources o f water. As a consequence, 2.2 million people in 

developing countries, most of them children, die each year from diseases associated with a 

lack o f safe drinking water, inadequate sanitation and poor hygiene. The W orld Health 

Organisation (W HO) global estim ate o f the number o f deaths from infectious diarrhoeas in 

the year 2001 amounts to 2 million for all age groups with a heavy toll am ong children 

under five - an estim ated 1.4 million deaths. The cluster of ill-health is even more insidious 

in its impact on the economics of countries and on livelihoods at household level. W ater- 

associated diseases hit the poor in a disproportionate way and this burden of ill health 

m aintains the vicious cycle in which poverty leads to more ill-health and more ill-health 

im plies further im poverishm ent (UNESCO, 2003). Most countries with no access to 

im proved drinking water sources lie in the tropical belt where there is an abundance o f 

sunshine and so are ideally suited to simple technologies which harness the sun in order to 

provide clean water.

1.2 Solar Disinfection
The potential for solar-based drinking water treatment processes has been explored by 

researchers since 1878 by Downes and Blunt and research has intensified since the 1990s 

(Acra et a l ,  1989; Vidal and Diaz, 2000; Goswami, 1995, 1997; Cooper and G osw am i, 

1998 a, b) with studies focusing on both solar distillation and solar disinfection.

Solar distillation uses sunlight to heat water and produce water vapour, which is then 

condensed back to water. Impurities such as salts, heavy metals and bacteria will not 

evaporate and are left behind. Although solar water distillation is effective and solar 

energy is clean, safe and viable in many countries, it has not found widespread use due to 

high capital investm ent (Simate, 2001). Systems that directly heat water have been found
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to be effective in the inactivation o f Salmonella typhimurium. S treptococcus fa eca l is  and 

Escherichia coli  (J0rgenson et a i ,  1998).

The germ icidal effect o f  sunlight has long been known. Betw een 1877 and 1895 a 

remarkable set o f  studies revealed that sunlight, especially the U V -violet-b lue rays, was 

capable o f  killing many different types o f  bacteria (Hockberger, 2000). Solar d isinfection  

occurs when a photon o f  sunlight (o f an appropriate wavelength) is absorbed by a m olecule  

present in the contaminated water. This causes a photochem ical reaction which disrupts the 

com ponents o f  that m olecule, usually its D N A . The focus o f  most solar disinfection studies 

has been batch system s such as SODIS. This method involves storing contam inated water 

in transparent vessels such as bottles or bags and exposing them to sunlight for periods o f  

up to eight hours. This technique has shown to be effective against a w ide range o f  

organism s such as E. coli, S. typhimurium  and V. cholerae  (Ibanez et a i ,  2003; Som m er et 

al.,  1992). The SODIS treatment method is based on the synergistic effect o f  both water 

temperature and U V A  radiation (EAW AG ). The uptake o f  this technology has been  

spreading and proving successful. For exam ple, between D ecem ber 1995 and March 1996 

a controlled field trial was carried out in Kenya to assess the health benefit o f  using SO D IS  

bottles which found that solar treatment o f  drinking water was found to significantly reduce 

episodes o f  diarrhoea (Conroy et al., 1996).

Photocatalysis may be defined as the acceleration o f  a photoreaction by the presence o f  a 

catalyst (Blanco, 2003). There have been several attempts to enhance the solar disinfection  

process by encouraging these photocatalytic processes in the water by the addition o f  

titanium dioxide (Ti0 2 ) and a number o f researchers have used TiOi to enhance the batch 

solar disinfection process (Salih, 2002; Watts, 1995; Matsunga, 1995; Huang, 2000; Ibanez, 

2003; Dunlop et a i ,  2002) in both suspended and fixed forms.

To date research into continuous flow  system s for disinfection purposes has been lim ited  

with tw o main studies carried out by Acra et al. (1990) and Vidal and D iaz (2000). In the 

past solar continuous flow  system s have mainly been used for detoxification o f chem icals  

by photocatalytic processes. Both studies reported that sunlight was effective in the 

inactivation o f  faecal coliform s, S. faeca lis  and E. coli (Acra et a i ,  1989; V idal and D iaz, 

2000).
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T he aim  o f  this project w as to characterise the solar d isin fection  process in order to d esign  

a con tin u ou s flo w  system  for use in d evelop in g  countries.

1.3 Scope of this Thesis
T his project a im s to a ssess  the m any param eters assoc ia ted  w ith  solar d isin fection  and to 

com pare d ifferent solar d isin fection  p rocesses and reactors. B e lo w  is an ou tlin e  o f  this 

th esis  w ith a short description  o f  each section .

S ection  2 d escrib es the problem s associated  w ith  drinking w ater in the d ev e lo p in g  w orld  as 

w ell as con ven tion a l techn iques used to im prove drinking w ater quality. T h is is fo llo w ed  

by a d iscu ssio n  on previous studies on the solar d isin fection  process in clu d ing  

en h an cem en ts w ith T i0 2 .

S ection  3 b egin s w ith a d iscu ssion  on  solar co llec to r  tech n o logy  and m aterials w h ich  are 

u sefu l in so lar reactors. A  full description  o f  all the solar d isin fection  reactors u sed  in this 

project and the m aterials used  in their fabrication is m ade along w ith d escrib in g  the 

exp erim en tal set-up  o f  the trials included  in this project. A n alytica l and statistical m ethods  

are a lso  described .

S ection  4  d escrib es prelim inary exp erim en ts carried out under sim u lated  sunlight in clu d ing  

assessm en t o f  f lo w  regim e, sim ulated  solar in tensity , indicator organ ism s and tubing type. 

A com p arison  b etw een  batch process solar d isin fection  and con tinu ous f lo w  solar 

d isin fectio n  is a lso  m ade. A ll experim ents in this section  w ere carried out u sing  a sm all-  

sca le  parabolic solar d isin fection  reactor.

S ection  5 describ es experim ents w hich  com pare d ifferent solar d isin fection  reactors. T h ese  

in clu d e e ff ic ien cy  com p arison s under both sim ulated  and natural sun light (both in Ireland  

and southern Spain) u sing d ifferent sm a ll-sca le  reactors each  w ith a d ifferent reflector  

profile; a C om pound  Parabolic, Parabolic, V -g ro o v e  and N on -reflec tin g  reactor. A  

com p arison  o f  d isin fection  under sim ulated  and natural solar radiation is a lso  m ade. A  

com p arison  b etw een  the sm all-sca le  C om pound Parabolic reactor and a larger p ilo t-sca le  

reactor is m ade as w ell as an assessm en t o f  the e ffec t o f  ch an ging  the area o f  reactor 

ex p o sed  to sunlight.

S ection  6 exp lores the con cep t o f  the introduction o f  a photocatalyst (TiO^) into the solar  

d isin fection  p rocess. T iO i is assessed  in suspended  form  as w e ll as in tw o  separate fixed
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forms. An assessm ent of the regrowth capacity o f solar inactivated bacteria is also m ade in 

both a photocatalytic system and one with no catalyst included.

Section 7 discusses other factors which could affect the solar disinfection process such as 

change in reactor volum e or change in tem perature within the system.

Section 8 discusses the effect of dark zones within a reactor. Experim ents were carried out 

with different dark-illum inated ratios in order to assess whether m echanisms other than 

dose affect the solar disinfection process.

Section 9 provides a simplified method for the design o f a full-scale system based on the 

results found in the previous sections.

Section 10 is a summary of the conclusions drawn in each section as well as 

recom m endations for future work.
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CHAPTER 2

L i t e r a t u r e  R e v i e w



2.1 Introduction
In w ealthier parts o f the world, the connection between water, hygiene and health is taken 

for granted. But for the less fortunate majority, access to clean and adequate w ater is a 

daily struggle. The im portance o f promoting and protecting health has risen to the top of 

the political agenda and much progress has been made. H ow ever m illions are still deprived 

o f a basic human right and huge challenges remain in fulfilling the num erous prom ises 

made.

Every day, diarrhoeal diseases cause an estim ated 5500 deaths, mostly am ong children 

under five. The W orld Health Organisation (W HO) global estim ate of the num ber of 

deaths from infectious diarrhoeas in the year 2001 amounts to 2 million for all age groups, 

with a heavy toll am ong children under five- an estim ated 1.4 million deaths. The cluster 

o f ill health is even more insidious in its impact on the econom ics o f countries and on 

livelihoods at household level. W ater-associated diseases hit the poor in a disproportionate 

way and this burden of ill health maintains the vicious cycle in which poverty leads to more 

ill health, and more ill health implies future im poverishm ent (UNESCO, 2003).

The M illennium  Development Goals (MDGs), adopted at the M illennium  Summ it o f the 

United Nations in Septem ber 2000, call for a dramatic reduction in poverty and m arked 

im provem ents in the health of the poor. The im portance o f the M DGs in health is, in one 

sense, self-evident. Improving the health and longevity o f the poor is an end in itself, a 

fundam ental goal o f economic development. But it is also a means to achieving the other 

developm ent goals relating to poverty reduction (W HO, 2000).

One o f the goals set by the United Nations M illennium  Declaration is to ensure 

environm ental sustainability. Significantly, one of the three key targets defined to achieve 

this goal is to halve, by 2015, the proportion o f people without sustainable access to safe 

drinking water. Taking into account the projected growth o f the world population these 

targets imply that an additional 1.5 billion people will require access to som e form  of 

im proved water supply by 2015. Even to maintain the proportional level o f coverage in 

urban areas in the year 2000 until 2015 will require an estim ated 953 m illion people to gain 

access to w ater supply. M eeting the 2015 target o f halving the fraction o f the population 

w ithout sustainable access to drinking water globally m eans providing services for an 

additional 100 million people each year (274000/day) from  2000 to 2015. By com parison.

5



during the decade o f the 1990s an estim ated total o f  901 million people gained access to 

w ater supply. W ith the exception of sub-Saharan Africa, all regions will have achieved or 

will be close to achieving this target (UNESCO, 2003).

The definition o f health as contained in the 1948 Constitution o f W H O has w ithstood the 

ravages o f time: ‘health is a com plete state of physical, mental and social well-being, and 

not m erely the absence of disease and infirm ity’. Having one’s basic needs in term s of 

w ater met and being able to rely on a sustainable livelihood are crucial elem ents o f social 

well-being, and contribute substantially to physical and mental well being as well. W ater 

and health are intrinsically linked. There are basically two types o f links that facilitate the 

cause-effect relationships between water managem ent issues and impacts on health: water 

as the conveyance medium o f pathogens (disease causing organism s) and w ater providing 

the habitat for vectors and interm ediate hosts of pathogens (UNESCO, 2003).

2 .2 Water and Public Health
2.2.1 Introduction

The diseases associated with water, sanitation and hygiene include infectious diarrhoea 

(which in turn includes cholera, salmonellosis, shigellosis and am oebiasis), typhoid and 

paratyphoid fevers, acute hepatitis A, acute hepatitis E and F, fluorosis, arsenicosis, 

legionellosis, schistosomiasis, trachoma, dracunculiasis, scabies, dengue, m alaria and 

yellow fever. The transmission routes and solutions to these diseases are outlined below 

along with some common water-related diseases.

2.2.2 Classification o f  Transmission M echanisms

Before the water related infections can be classified, the four distinct types o f  w ater related 

route by which a disease may be transm itted from one person to another must be defined 

(Caim cross and Feachem, 2000):

•  W ater-borne route

W ater-borne transm ission occurs when the pathogen is in water which is drunk by a person 

or anim al which may then become infected. Potentially water-borne diseases include the
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classical infections, notably cholera and typhoid, but also a wide range o f other diseases, 

such as infectious hepatitis, diarrhoeas and dysenteries. All water-borne diseases can also 

be transm itted by any route which permits faecal material to pass into the m outh (a faecal- 

oral route). W ater-borne transm ission is merely a special case o f drinking faecal m aterial 

in water, and any disease which can be water-bom e can also be transm itted by other faecal- 

oral routes.

• W ater-w ashed route 

M any infections o f the intestinal tract and of the skin may be significantly reduced 

following im provem ents in domestic and personal hygiene. These im provem ents in 

hygiene often hinge upon the increased availability o f water and the use for hygienic 

purposes o f increased volumes o f water. A water-washed disease may be form ally defined 

as one whose transm ission will be reduced following an increase in the volum e o f w ater 

used, irrespective o f the quality of that water.

W ater washed diseases are o f three main types. Firstly, infections o f the intestinal tract, 

such as diarrhoeal diseases, which are important causes o f serious illness and death 

especially am ong young children in poor countries. These include cholera, bacillary 

dysentery and other diseases previously mentioned under w ater-bom e diseases. These 

diseases are all faecal-oral in their transm ission route and are therefore either w ater-bom e 

or water-washed. The second type o f water-washed infection is that o f the skin or eyes. 

Bacterial skin sepsis, scabies and fungal infections of the skin are extrem ely prevalent in 

many hot climates, while eye infections such as trachom a are also com m on and may lead to 

blindness. These infections are related to poor hygiene and it is anticipated that they will 

be reduced by increasing the volume o f water used for personal hygiene. The third type o f 

water-washed infection is also not faecal-oral and therefore can never be w ater-bom e. 

These are infections carried by lice which may be reduced by im proving personal hygiene 

and therefore reducing the probability of infestation o f the body and clothes with these 

arthropods. Louse-bom e epidemic typhus is mainly transm itted by body lice, which cannot 

persist on people who regularly launder their clothes. Louse-bom e relapsing fever may 

also respond to changes in hygiene linked to increased use o f water for washing.
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• Water-based route

A water-based disease is one wiiose pathogen spends a part of its life cycle in a water snail 

or other aquatic animal. All these diseases are due to infection by parasitic worms 

(helmiths), which depend on aquatic intermediate hosts to complete their life cycles. The 

degree of sickness depends upon the number of adult worms which are infecting the patient 

and so the importance of the disease must be measured in terms of the intensity of infection 

as well as the number of people infected. An important example is schistosomiasis in 

which water, polluted by excreta, contains aquatic snails in which the schistosome worms 

develop until they are shed into the water as infective cercariae and re-infect man through 

his skin.

Another water-based disease is Guinea worm {Dmcunculus medinensis), which is found in 

West Africa and has a unique transmission route. The mature female worm, about 0.5m 

long, lies under the skin (usually on the leg) and creates a painful blister. When the blister 

is immersed in water or water is splashed onto it, as is often done to soothe the pain, the 

worm releases thousands of microscopic larvae. If the larvae are washed into a pond or a 

shallow well, they are eaten by cyclopoids, which then become infected, and they develop 

inside these new hosts. Cyclopoids are tiny crustaceans that are found in many small 

bodies of water. They are only 0.8mm long, and so are easily consumed inadvertently in 

water from an infected pond or well. Infected cyclopoids tend to sink to the bottom, so the 

risk is greatest when only a shallow depth of water remains. The cyclopoids themselves are 

not dangerous to drink, but any Dracunculus worms they contain will develop further in the 

human host and any fertilized female will make her way to the legs and form a new blister a 

year later, ready to start a new cycle.

Although a water-based disease, Guinea worm is the only infection which is exclusively 

transmitted in drinking water. It kills few people but causes debilitating pain, usually in 

planting season, so can have far reaching economic effects by reducing the ability to work 

of most of the population. Provision of safe water supplies is the primary measure to 

control the disease, especially in communities where 20% or more of the population is 

regularly infected. When annual influence has been reduced to 10% or less, most of the 

cases are likely to be caused by the casual use of infected water sources away from the 

home, while working, visiting or travelling. In such cases or in very small villages where



safe water supplies are not yet affordable, the inhabitants must be encouraged to filter their 

drinking w ater through a cloth to remove the cyclopoids, to avoid unsafe drinking water, 

and to ensure that people with blisters do not enter drinking-w ater sources.

The other diseases in this category are acquired by eating insufficiently cooked fish, crabs, 

crayfish or aquatic vegetation, which are clearly unrelated to drinking water.

•  Insect vector route

The fourth and final route is for water related diseases to be spread by insects which either 

breed in water or bite near water. M alaria, yellow fever, dengue and onchocerciasis (river 

blindness), for example, are transm itted by insects which breed in water while W est 

African sleeping sickness (Trypanosomes) is transm itted by the riverine tsetse fly which 

bites near water.

Table 2.1 lists these four water-related transm ission routes and hnks them to their 

appropriate preventative strategies.

T ransm ission  route Preventative Strategies

W ater-borne Improve quality o f  drinking water 

Prevent casual use o f  unprotected sources

W ater-w ashed Increase water quantity used

Improve accessib ility  and reliability  o f  dom estic water supply  

Improve hygiene

W ater-based R educe need for contact w ith in fected  water

Control snail populations

R educe contam ination o f  surface waters

W ater-related insect vector Improve surface water m anagem ent 

D estroy breeding sites o f  insects  

R educe need to visit breeding sites  

U se m osquito netting

Table 2.1: W ater-related Transmission Routes (Caim cross and Feachem, 2000).

2.2.3 Pathogenic Organisms

The term  pathogenic is applied to those organisms, which either produce or are involved in 

the production of a disease. Three different groups of pathogenic m icroorganism s can be 

transm itted via drinking water- bacteria, viruses and protozoa.
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Bacteria are the most widely distributed life forms. Pathogenic bacteria range in length 

from approxim ately 0.4 to 14^m and 0.2 to 1.2|im in width (Figure 2.1(a)). Key bacterial 

pathogens responsible for waterborne disease include Legionella, Salm onella typhi. 

Shigella  and Vibrio cholerae.

Viruses are inactive when outside o f a living host cell. V iruses that are linked to 

w aterborne disease have protein coats that provide protection from environm ental hazards. 

They range in size from 0.02 to 0.09|im  but unlike bacteria and protozoa they contain only 

one type o f nucleic acid (RNA or DNA) (Figure 2.1 (b)). Key viral pathogens include 

hepatitis A and Norwalk virus.

Protozoa are much larger than bacteria and viruses ( 10-300^im) (Figure 2.1 (b)). In order to 

survive harsh environm ental conditions, some species can secrete a protective covering and 

form a resting stage called a cyst. Encystm ent can protect protozoa from drinking w ater 

disinfection efforts and facilitate the spread of disease. Key protozoan pathogens include 

G iardia and Cryptosporidium  (USEPA, 1993).

Figure 2.1: Bacteria (a). Virus (b) and Protozoa (c) (USEPA, 1993)

2.2.4 Bacterial Diseases

The various serotypes, which make up the genus Salmonella, are the m ost im portant group 

o f bacteria affecting the public health o f humans and animals. Raw or treated w astew ater 

as well as abattoirs can contam inate water resources and Salmonella  is com m only present 

in raw waters. Typical symptoms o f salm onellosis are acute gastroenteritis, abdom inal 

cram ps, fever, and nausea. Diseases associated with it are typhoid fever (Salm onella typhi)
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and paratyphoid {Salmonella paratyphi A, B or C). Salmonella typhi occasionally 

continues to proliferate in the gall bladder of a few patients who have recovered from the 

primary infection, and these carriers continue to excrete the organisms in their faeces for 

long periods (Twort et a i ,  2000).

Bacillary dysentery is caused by bacteria of the genus Shigella- Sh. dysenteriae 1, Sh. 

Flexneri, Sh. Boydii and Sh. Sonnei are some of the subspecies. The bacterial genus is 

rather similar in their epidemiology to Salmonella. Infection can be contracted via water 

contaminated human faeces or ingestion of food contaminated by food handlers. It arises 

from contamination by sewage in drinking water (USEPA, 1999; Twort et a i ,  2000). 

Cholera is caused by the bacterium Vibrio cholerae. Major waterborne outbreaks occur in 

developing countries, which do not have adequate sanitation and where water supplies are 

continuously contaminated with sewage. An infected person or symptomless carrier of the 

disease excretes up to 10'‘̂ bacteria daily, enough to theoretically infect 10  ̂ people. Up to 

10^-10^ organisms are required to cause the illness so it is transmitted primarily by drinking 

water or by eating food which has been washed with contaminated water. It is an intestinal 

disease with symptoms such as sudden diarrhoea, vomiting, dehydration and sometimes 

complete collapse. Without immediate medical attention the disease has >60% mortality 

rate, the patient dying within a few hours of first showing symptoms.

Opportunistic bacteria are usually found as part of the normal heterotrophic bacterial flora 

of aquatic systems. These organisms are not normally a threat to healthy individuals but 

can lead to infection in certain circumstances, such as immuno-compromised persons. Of 

these, those of particular concern include campylobacter, E. coli, mycobacteria, legionella 

pneumophila and aeromonads. This study will be concerned with E. coli from this group.

E. coli causes haemorrhagic, haemolytic-uraemic syndrome and is a major cause of kidney 

disease in children. It is generally associated with food in particular beef and milk but in 

recent years has been implicated in a number of waterborne outbreaks. The number of 

organisms required to initiate infection is thought to be <100 and at present there is no 

specific treatment for the disease (USEPA, 1999).

Campylobacteriosis is caused by bacteria associated with the excrement from wild fowl, 

which causes gastro intestinal illness. Campylobacters are frequently found in sewage and 

can survive for several weeks at cold temperatures in surface waters (Twort et a i ,  2000).



2.2.5 Viral Diseases

Viruses o f  most concern for drinking water are those which cause gastrointestinal illness 

(enteric viruses) which includes entereroviruses, rotavirus, asteroviruses, calciviruses and 

Hepatitis A. Viral contam ination arises when sewage containing pathogenic viruses 

contam inates surface and ground waters, which are subsequently used as drinking water. 

M ost viruses are able to remain viable for several weeks in water at low tem peratures as 

long as there is some organic m atter present. Rotavirus is a m ajor contributor to child 

diarrhoea syndrome. This causes death in some six million children in developing 

countries each year (USEPA, 1999).

Viruses differ from bacteria in that they are sm aller and can m ultiply only within suitable 

host cells, in which they produce changes, which give rise to a range of diseases.

2.2.6 Protozoan Diseases

Giardia lamblia  is a flagellated protozoan that is a significant cause o f gastroenteritis 

ranging from mild to severe and being significantly more com m on in children than in 

adults. Transm ission of giardia  cysts may be by faecal contam ination o f hands, food or 

water supplies. Giardiasis is caused by the ingestion of cysts by a susceptible host. The 

cysts are 7 to 10|im wide and 8 to 12|im long and can survive for many days in a cool 

aquatic environm ent. There is no way of preventing infection except by adequate water 

treatm ent, i.e. filtration and source protection.

Cryptosporidium  parvum  is a coccidian protozoan. Cryptosporidiosis is acquired by 

ingesting viable oocysts. Clinical symptoms include influenza like illness, diarrhoea, 

m alaise and abdom inal pain. Generally this is a disease that is not fatal am ong healthy 

individuals how ever in young malnourished children it can cause severe dehydration and 

som etim es death. W ater treatment such as slow sand filtration is critical in the removal o f 

these protozoa. The parasite has a complex life cycle, which takes place within the body 

of the host and can include repeated cycles o f infection. Infective oocysts o f the parasite, 

which are 4 to 6|xm in diameter, are then shed in vast num bers in the faeces o f infected 

anim als and humans. These oocysts are often found in surface waters, particularly in areas 

associated with intensive animal grazing and are also found occasionally in groundw ater 

sources.
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2.3 Principles of Disinfection
2.3.1 Introduction

W hile m any o f the pathogens described above are of little or no threat in the developed 

world, they are life threatening in regions o f the developing world where adequate water 

treatm ent is not available. A barrier approach is the key strategy for controlling the health 

risks posed by m icrobes in drinking waters. This involves the treatm ent of wastewaters to 

remove microbes that cause disease as well as the treatment o f raw waters including 

disinfection.

The term disinfection means the destruction of infective organism s in water to such low 

levels that no infection of disease results when the water is used for dom estic purposes 

including drinking. Disinfection is most commonly accom plished by the use o f  chem ical 

agents, radiation, mechanical means and physical agents (Twort et a i ,  2000).

Chem ical agents that have been used as disinfectants include chlorine and its com pounds; 

bromine; iodine; ozone; phenol and phenolic com pounds; alcohols; heavy m etals and 

related com pounds; dyes; soaps and detergents; quaternary am m onium  com pounds; 

hydrogen peroxide and various alkalies and acids. O f these the most com m on disinfectants 

are the oxidising chemicals, chlorine being the most widely used.

The m ajor types o f radiation are electromagnetic, acoustic and particle. Gam m a rays are 

em itted from radioisotopes such as cobalt 60. Because o f their penetration power, gam m a 

rays have been used to disinfect both water and wastewater.

Bacteria and other organism s are also removed by m echanical means during w astew ater 

treatment. The removals accom plished are generally a by-product o f the prim ary function 

of processes such as screening and sedimentation.

Physical agents that can be used are heat and light. Heating water to boiling point will 

destroy m ajor disease -producing nonspore-form ing bacteria. Heat is com m only used in 

the dairy or beverage industry, but is not a feasible means o f disinfecting large quantities o f 

w ater because o f the high cost. Ultraviolet rays are a good disinfectant; these rays can be 

both artificial (lamp) and natural (sunlight) (M etcalf and Eddy, 1991).
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The three primary mechanisms of pathogen inactivation are to:

•  Destroy or im pair cellular structural organisation by attacking m ajor cell

constituents, such as destroying the cell wall or im pairing the functions o f semi- 

perm eable membranes;

•  Interfere with energy-yielding m etabolism  through enzym e substrates in

com bination with prosthetic groups of enzymes, thus rendering enzym es non

functional; and

•  Interfere with biosynthesis and growth by preventing synthesis o f norm al proteins,

nucleic acids, coenzym es, or the cell wall.

Depending on the disinfectant and microorganism type, com binations of these m echanism s 

can also be responsible for pathogen inactivation. In w ater treatment, it is believed that the 

primary factors controlling disinfection efficiency are; the ability o f the disinfectant to 

oxidise or rupture the cell wall and the ability o f the disinfectant to diffuse into the cell and 

interfere with cellular activity (USEPA, 1999).

Three com m on disinfectants, chlorine, ozone and UV, radiation are described below.

2.3.2 Chlorine

Chlorine is one o f the most com m only used disinfectants throughout the world due to the 

following attributes:

• Effectively inactivates a wide range o f pathogens com m only found in water;

•  Leaves a residual in the water that is easily m easured and controlled;

• Is economical;

•  Has an extensive track record of successful use in improving w ater treatm ent

operations.

There are, however, some concerns regarding chlorine usage that may im pact on its uses 

such as: chlorine reacts with many naturally occurring organic and inorganic com pounds in 

w ater to produce undesirable disinfection by-products (DBFs); hazards associated with 

using chlorine require special treatment and response programs; and high chlorine doses 

can cause taste and odour problems (USEPA, 1999).
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Chlorination may be performed using chlorine gas or other chlorinated compounds that 

may be in liquid or solid form. Chlorine gas may be generated by a number of processes 

including the electrolysis of alkaline brine or hydrochloric acid, the reaction between 

sodium chloride and nitric acid or the oxidation of hydrochloric acid. Since chlorine is a 

stable compound, chlorine gas, sodium hypochlorite and calcium hypochlorite are typically 

produced off-site by a chemical manufacturer.

The precise action by which chlorine kills bacteria in water is uncertain but it is believed 

that the chlorine compounds formed when chlorine is added to water rupture bacterial 

membranes an inhibit vital enzymic activities resulting in bacterial death (Twort et ai,  

2000). In bacteria chlorine adversely effects cell respiration, transport and possibly DNA 

activity. Several environmental factors influence the inactivation efficiency of chlorine

including water temperature, pH, contact time, mixing, turbidity and concentration of

available chlorine.

Since its introduction, numerous investigations have been made to determine the germicidal 

efficiency of chlorine. Although there are widespread differences in the susceptibility of 

various pathogens, the general order of increasing chlorine disinfection difficulty are 

bacteria, viruses, and protozoa as their thick outer shells make protozoa resistant to chlorine 

(Twort et ai,  2000; USEPA, 1999).

Advantages of using chlorine include:

• Oxidises soluble iron, manganese and sulphides.

• Enhances colour removal.

• May enhance coagulation and filtration of particulate contaminants.

• Is an effective biocide.

• Is the easiest and least expensive disinfection method.

• Is the most widely used disinfection method and therefore, the best known.

• Is available as calcium and sodium hypochlorite, being easier and safer to use than

chlorine gas.

• Provides a residual.
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Som e disadvantages of using cillorine as a disinfectant are (Twort et al.\ 2000, USEPA, 

1999; M etcalf and Eddy, 2003):

• M ay cause deterioration in coagulation or filtration o f dissolved organic 

substances.

• Forms halogen-substituted by-products (som e o f which are known carcinogens).

• Finished water could have taste and odour problems, depending on the water 

quality and dosage.

• Chlorine gas is a hazardous corrosive gas.

•  Special leak contam inant and scrubber facilities could be required for chlorine gas.

•  Is less effective at high pH.

• Forms oxygenated by-products that are biodegradable and which can enhance 

subsequent biological growth if a chlorine residual is not maintained.

2 .3.3 Ozone

Ozone was first used for drinking water treatm ent in 1893 in the Netherlands. It is 

prim arily used in water treatm ent for disinfection and oxidation. Ozone exists as a gas at 

room tem perature; it is highly corrosive and toxic. Ozone is a powerful oxidant, second 

only to the hydroxyl free radical, am ong chemicals typically used in water treatment.

Ozone has a high germicidal effectiveness against a wide range of pathogenic organism s 

including bacteria, protozoa and viruses. Because o f its high germ icidal efficiency, ozone 

can be used to m eet high inactivation required by water treatment with or without filters. 

However, ozone cannot be used as a secondary disinfectant because the ozone residual 

decays too rapidly.

Inactivation of bacteria by ozone is attributed to an oxidation reaction. The first site to be 

attacked appears to be the bacterial membrane either through the glycoproteins or 

glycolipids or through certain am ino acids such as tryptophan. In addition ozone disrupts 

enzym atic activity o f bacteria by acting on the sulfhydryl groups o f certain enzymes. 

Beyond the cell mem brane and cell wall, ozone may act on the nuclear material within the 

cell and has been found to affect both purines and pyrim idines in nucleic acids (USEPA,
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1999).

The bactericidal effect of ozone is rapid, with usual contact time being between 4 and 10 

minutes with dosages of the order of 2-3mg/l. It has shown to be more effective than

chlorine in killing viruses, cysts and oocysts when a residual of 0.2 to 0.4mg/l is maintained

for four minutes after the initial ozone demand is satisfied (Twort et ai,  2000)

Advantages of using ozone include (USEPA, 1999; Twort et ai, 2000; M etcalf and Eddy, 

2003):

• Ozone is more effective than chlorine, chloramines and chlorine dioxide for 

inactivation of viruses, Cryptosporidium and Giardia.

• Ozone oxidises iron, manganese and sulphides.

• Ozone can sometimes enhance the clarification process and turbidity removal.

• Ozone controls colour, taste and odours.

• Ozone requires a very short contact time.

• In the absence of bromide, halogen-substitutes DBFs are not formed.

• Upon decomposition, the only residual is dissolved oxygen.

• Biocidal activity is not influenced by pH.

Disadvantages include:

• DBFs are formed in the presence of bromide.

• The initial cost of ozonation equipment is high.

• The generation of ozone requires high energy and should be generated on-site

• Ozone is highly corrosive and toxic.

• Ozone decays rapidly at high pH and warm temperatures.

• Ozone provides no residual.

• Ozone requires a high level of maintenance and operator skill.
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2.3.4 Ultraviolet Radiation (UV)

Unlike m ost disinfectants, ultraviolet (UV) radiation does not inactivate m icroorganism s by 

chem ical interaction. UV radiation inactivates organism s by absorption o f the light which 

causes a photochem ical reaction that alters m olecular com ponents essential to cell function. 

As UV rays penetrate the cell wall o f the m icroorganism, the energy reacts with nucleic 

acids and other vital cell components, resulting in injury or death of the exposed cells. UV 

radiation quickly dissipates into water to be absorbed or reflected o ff material within the 

w ater and as a result no residual is produced.

UV radiation energy waves are the range o f electrom agnetic waves 100 to 400nm  long. The 

division o f UV radiation may be classified as Vacuum UV (100-200nm), UVC (200- 

280nm), UVB (280-315nm) and UVA (315-400nm). In terms of germicidal effects, the 

optim um  UV range is between 245 and 285nm (USEPA, 1999). UV disinfection utilises 

either low-pressure lamps that emit maximum energy output at a wavelength o f 253 .7nm, 

or medium  pressure lamps that emit energy at wavelengths from 180 to 1370nm. Low 

pressure lamps are used in low flow or dom estic applications, they deliver about 85-90%  of 

the energy input at 253.7nm. In medium pressure lamps only about a third o f the energy 

input is delivered between 240 and 280nm but the energy intensity is about 50 times greater 

than that for low pressure lamps. The energy consumption o f UV radiation using low- 

pressure lamps is typically o f the order of 10 to 20Wh/m'^ o f water treated and up to tw ice 

that for medium  pressure lamps (Twort et al., 2000). The lamps typically used in UV 

disinfection consist of a quartz tube filled with an inert gas, such as argon, and small 

quantities of mercury. UV lamps operate in much the same way as fluorescent lamps; 

radiation is em itted from electron flow through ionised mercury vapour to produce UV 

energy in most units. The difference between the two lamps is that the fluorescent lamp 

bulb is coated with phosphorous, which converts the UV radiation to visable light. The UV 

lamp is not coated, so it transmits the UV radiation generated by the arc (USEPA, 1999). 

The degree to which the destruction or inactivation of m icroorganism s occurs by UV 

radiation is directly related to the UV dose. The UV dosage is calculated as:

D = l x t  (2.1)

where D is the UV dose in mWs/cm% I is the intensity in m W /cm “ and t is exposure tim e in 

seconds. W hen m icroorganisms are exposed to UV radiation, a constant fraction o f the
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living population is inactivated during each progressive increm ent in time. This dose- 

response relationship for germicidal effect indicates that high intensity UV energy over a 

shorter period o f tim e would provide the same kill as a lower intensity UV energy at a 

proportionally longer period o f time. The exposure time for disinfection varies between 

0.5-5 seconds depending on the level o f m icroorganism s present and the optical 

transm issivity o f the water. The minimum UV dosage level for effective bacterial 

disinfection (>3-log removal) is specified as 16mW s/cm“ at 253.7nm by the US 

Departm ent o f Health. W hen viricidal action is required this dose increases to levels o f 30- 

40m W s/cm ". UV radiation has also been shown to be effective at inactivating 

Cryptosporidium  oocysts with doses of 40m W s/cm ' producing a 4-log inactivation (Twort 

et ciL, 2000).

As opposed to most alternative disinfectants, UV is a physical process that requires a 

contact time on the order of seconds to accom plish pathogen inactivation. As with any 

disinfectant, UV has its limitations. For example, because it is a physical rather than a 

chemical disinfectant, it does not provide a residual to control pathogen proliferation and 

biofilm form ation in the distribution system.

UV radiation is efficient at inactivating vegetative and sporous forms o f bacteria, viruses 

and other pathogenic microorganisms. Electrom agnetic radiation in the wavelengths 

ranging from 240 to 280nm effectively inactivates m icroorganism s by irreparably 

dam aging their nucleic acid. The most potent wavelength for dam aging DNA is 

approxim ately 254nm. Other wavelengths, such as 200nm , have been shown to exhibit 

peak absorbance in aqueous solutions of DNA, how ever there is no practical application for 

UV inactivation of m icroorganisms in the wavelength range from 190 to 210nm. The 

germ icidal effects of UV light involve photochemical dam age to RNA and DNA within the 

m icroorganism s. DNA and RNA carry genetic inform ation necessary for reproduction; 

therefore dam age to either o f these substances can effectively sterilise the organism . 

Damage often results from the formation o f photo-products. Cytosine (DNA and RNA), 

thym ine (DNA) and uracil (RNA) are the three primary types o f pyrim idine m olecules, 

which are effected by UV radiation. The most com m on photo-products arising form 

dam age by UV radiation are thym ine dimers, in which two adjacent thym ines become 

covalently jo ined by cyclobutane. Replication of the nucleic acid becomes very difficult
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once the pyrim idine m olecules are bonded together due to the distortion of the DNA helical 

structure by UV radiation. M oreover if replication does occur, m utant cells that are unable 

to replicate will be produced. W hen the bacterial cell is unable to multiply it is assum ed to 

be killed (Kalisvaart, 2001). Figure 1 is a schem atic of the germ icidal inactivation 

observed with UV radiation. Two phenom ena o f key im portance when using UV 

disinfection in water treatm ent are the dark repair m echanism s and the capability o f  certain 

organism s to photoreactivate following exposure to certain light wavelengths.

UV 
253.7 nm

DNA double strand

Formation of double 
bond in pyrimidine
molecules inhibits 
replication

Figure 2.2: Germ icidal Inactivation by UV Radiation (USEPA, 1999)

Bacterial cells have evolved three main types o f repair m echanism s in response to DNA 

dam age (Lewin, 1997). Direct repair involves a sim ple reversal o f a structural alteration 

such as photoreactivation where the enzym e photolyse, activated by visible light, cleaves 

the links responsible for the formation o f thymine dimers. Excision repair system s cleave 

DNA near the site o f damage, remove the damaged strand, and synthesise a com plem entary 

strand to replace the excised material. M ismatch repair occurs when base pairs are no 

longer m atched correctly, for example, cytosine and thym ine. In m ism atch repair, “new” 

and “old” strands are identified and the newly synthesised strand is preferentially corrected.
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The repair m echanism s in m icroorganisms are not universal and some m icroorganism s 

have shown to be unable to repair them selves, these include: Bacillus subtilis, 

Cryptosporidium  parvum , Poliovirus and M S2 phage. O rganisms that have shown to be 

capable o f  photoreactivation include: E. coli. Salmonella typhi. Salm onella typhim urium  

and Vibrio cholerae.

The types o f disinfection described above are effective in the developed world where public 

health is the prime concern of engineers and politicians over cost and energy. In order to 

m eet the M DGs we must strive to find appropriate technologies suitable for less developed 

countries. The criteria that need to be met in order for a technology to be considered 

appropriate are outlined in the next section.

2 . 4 Appropriate Technology
A ppropriate technologies represent a less capital intensive, m ore human orientated form of 

technological innovation and act as an impetus for developm ent and im provem ent of 

standard o f living in developing countries. A technology is appropriate because people 

have found it suitable to their needs. Appropriate technologies do not have a negative 

effect on the natural environm ent or the health and well being o f the indigenous population 

(Linnell, 1995).

The philosophy for appropriate technology m ovem ent is to provide an opportunity for 

smooth transition between “labour-intensive” and “capital-intensive” industries.

The concept was first written about by E.F. Schum acher (1973) in his book “Small is 

Beautiful: Econom ics as if People M attered” where he describes appropriate technology as 

“m aking the use o f  the best o f  m odem  knowledge and experience, conducive to 

decentralisation, com patible with the laws o f ecology, gentle in the use o f scarce resources 

and designed to serve the human person instead of m aking him a servant of m achines” . 

National and local governments as well as people and com m unity groups strive to introduce 

forms o f technology that are efficient and fit within fiscal limitations, this is true in both 

developed and developing countries. The depth o f im portance o f choosing the most 

im portant technology is m agnified in developing countries where the margin o f error is 

narrow due to limited resources. There are certain criteria used to judge the

21



appropriateness of a technology (W icklein, 1998):

1. Systems Independence

This relates to the ability o f a technical device to stand-alone and do its jo b  w ithout any 

supporting facilities and devices to aid its function. It refers mainly to cost, i.e. if the cost 

is com pounded because o f the need to use supporting devices then the technology m ay be 

unattainable for the people who need it most. Evaluation o f a technology m ust include the 

technological device in question but also supporting materials and equipm ent for its full 

operation. Technological advances should be selected only if supporting facilities and 

devices are already in place or if moderate changes and im provem ents or existing system s 

are required for implementation.

2. Im age of Modernity

Technologies need to be perceived as m odem  and progressive within their context- 

hum anity has an innate desire to feel important and be perceived as worthwhile. Successful 

technology brings both satisfaction of need and perceived degree of sophistication such that 

social status is elevated. When an image of m odem ity is incorporated, there is an appeal to 

dignity and pride to meet with acceptance by the people who can benefit from it the most.

3. Individual Technology v’s Collective Technology

This is related to societal or cultural standards in which the proposed technology would be 

operating. Some cultures advocate strong com m itm ent to group processes where the 

benefit o f the whole is held in higher esteem than the individual accompUshment. Some 

cultures place high priority on individual responsibility and accom plishm ent. If  a cultural 

group has a strong allegiance to local com m unity, regional technology may be m ore 

system -dependent as overall group could take greater responsibility for the operation o f a 

large system. A society which is geared towards individuals or single-fam ily units need 

technology which is more system independent, i.e. designed so an individual could operate 

and afford the system.
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4. Cost o f Technology

The m ajority o f technologies although developed with cost as the central consideration are 

still too expensive for most people in developing countries to afford. Cost must be such 

that people in developing regions can afford it. One of the m ajor difficulties in reducing 

production costs o f appropriate technologies is that many o f the technologies are developed 

for a one-of-a-kind use within specific location under specific social and cultural 

lim itations. Advantages o f mass production are severely restricted because o f this.

5. Risk Factor

The developm ent o f any new technology carries with it a chance of either success or 

failure. The risk can be internal or external. Internal risk involves the way in which the 

technology will fit into a local production system whereas external risk involves the needed 

support systems, which may be required to keep the technology functioning properly. 

Econom ically and politically it is unhealthy to try to rem ove all risks, som e risks are 

healthy for growth and developm ent of locally im plem ented appropriate technologies. It is 

essential to provide challenge to local economic and production systems. This helps 

technology to take root and gain ownership at a local level.

6. Evolutionary Capacity of a Technology

Technologies are preferred to have design capacities that allow for continuation o f 

developm ent. They should have the capability to expand and be reconfigured to 

accom plish a higher volume o f work and/or more sophisticated production processes. 

Technology can grow with the society it benefits and not ju st exist as a relatively short

lived solution. The nature o f the technology might eventually allow users to com pete 

econom ically at regional, national and international levels, which is the ultim ate goal o f  any 

developing country. W ithout this capability the technological device elevates its owners 

and users /to  a new static level o f poverty.

7. Single Purpose and M ulti-Purpose Technology

It is advisable to develop appropriate technologies that provide for a variety o f applications 

because o f the extrem e poverty o f people in developing countries. Technologies, which
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perform  m ultiple specific purposes are beneficial to those who cannot afford to purchase 

individual single function pieces o f equipment.

An ideal appropriate technology does not exist. The best approach is to design appropriate 

technology by balancing the above criteria with specific hum an needs. The application of 

these criteria in no way belittles developing countries; appropriateness is just as relevant in 

advanced technical settings as in developing technical settings.

An im portant factor in the choosing o f a technology for a region is com m unity 

participation. Com m unities must participate in the initial planning, the choice o f 

appropriate technology, the location o f facilities, the operation and m aintenance program , 

financing options, replacem ent schedule etc. This ensures that schemes are sustainable 

both econom ically and environm entally (Geraghty & Temnewo, 2000).

The use o f  appropriate technology is particularly im portant in providing basic hum an needs 

such as water supplies and sanitation to people in developing countries. W ater supply and 

sanitation in developed countries is dom inated by sophisticated engineering. Large scale, 

costly and am bitious projects exported overseas by the aid com m unity in the nam e of 

progress imbued by a spirit o f professional and scientific superiority makes them  little 

different from their colonial predecessors. The International Drinking W ater and Sanitation 

Decade (1980-1990) sought to challenge the powerful and high tech image o f progress on 

which the W estern environm ent and social transform ations have been based. It attracted 

donors to provide resources, know-how and better co-ordination of their aid program m es. 

Sophisticated technology could not satisfy these health needs so they built upon 

Schum acher’s appropriate technology theory. This included low-cost solutions such as 

com m unal hand pumps and pit latrines which were effective substitutes for com plex piped 

system s and avoided reliance on scarce expensive inputs thus caring for a w ider population. 

Focus was on diversity rather than homogeneity, flexibility rather than bureaucratic 

rigidity. Sim plified production processes reduced production costs and im plem entation 

costs were lowered by com m unity participation (Bell & Franceys, 1995).

The Dublin Statem ent on W ater and Sustainable D evelopm ent (1992) also supported the 

theory o f appropriate technology, focusing on four principles to ensure sustainability o f  

w ater projects. The four principles were:
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•  Fresh water is a finite and vulnerable resource, essential to sustain life, developm ent 

and the environm ent

• W ater developm ent and m anagem ent should be based on a participatory approach, 

involving users, planners and policy-m akers at all levels

•  W om en play a central part in the provision, m anagem ent and safeguarding of water

•  W ater has an economic value in all its com peting uses and should be recognised as 

an econom ic good.

The International Drinking W ater and Sanitation Decade highlighted the problem  o f 

providing these basic needs to people in developing countries but the im provem ents made 

did not com e anyw here near reaching there targets. 70% o f people in developing countries 

have no adequate sanitation facilities whereas in som e parts o f Africa the population 

w ithout safe drinking water can be up to 75% (DeBoer, 2000).

A ccording to Falkenm ark (1998) poverty eradication involves at least three com ponents 

that are directly o f indirectly w ater related; morbidity reduction through health protecting 

activities (safe water supply and sanitation), security in access to food either through 

achieving national self reliance through water consum ing crop production or through 

purchasing o f  food which depends on access to a secured family income, family incom e 

which depends on em ployment opportunities in sustainable industrial or cash crop 

production, both water dependent.

In summary, an appropriate technology is;

• Low in capital costs,

• Uses local materials,

•  Creates jobs em ploying local skills and labour,

•  M akes technology understandable to people using it,

•  Involves decentralisation o f renewable resources and supposes that people can and

will work together to bring im provem ents to com m unities recognising that in most 

o f the world decisions are made by groups rather than individuals (Linnell, 1995).
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An exam ple o f an appropriate technology that has been successful is South A frica’s Play- 

pum p which sim plifies the chore o f fetching water in rural areas. The Play-pum p is a 

specifically designed and patented playground roundabout that drives conventional 

borehole pumps, keeping costs and maintenance to an absolute m inim um , while 

entertaining children. It is capable o f producing 14001/hr at 16rpm from  a depth o f 40m. 

As children spin water is pumped from underground into a 2500 litre tank with a tap 

providing easy access to the water. Four billboards are attached to the tank, two o f which 

are used for health messages with the other two rented out as advertising, which in turn 

provides the revenue required for maintenance (Play-pump, 2005).

It essential that all the criteria necessary for an appropriate technology are m et when 

designing new technologies for developing countries. This thesis focuses on the design o f 

an appropriate solar disinfection system for use in developing countries.

2 . 5 Solar Energy
This section begins by discussing sunlight in general and its propagation through the 

atm osphere to the earth’s surface followed by a review of previous work where the sun’s 

energy has been harnessed for water purification purposes.

2.5.1 Sunlight

The term electrom agnetic energy com prises all types o f energy that travels from its source 

through space in the form of harmonic waves along straight paths at the uniform  speed o f 

light (3xl0^m /s). Radiation is the term that pertains to the em ission and propagation of 

electrom agnetic energy in the form of waves (Acra et ciL, 1989).

There are many types o f electrom agnetic energy, but consideration o f the subject is 

necessarily limited to those of solar origin that provide pertinent background inform ation 

for the proper utilisation o f solar radiation for disinfection purposes. It should be 

recognised that solar radiation constitutes only a portion o f the entire electrom agnetic 

energy spectrum. Electrom agnetic radiation, as well as solar radiation, is com m only 

classified on the basis o f radiation wavelength into several regions or bands. The 

wavelength bands o f solar radiation, both visable and invisible, are described in Table 2.2 

below.
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Band Wavelength (nm) Atmospheric Effects
G am m a ray <0.03 Com pletely absorbed by atm osphere
X-Ray 0.03-3 Com pletely absorbed by the upper 

atm osphere
Ultraviolet, UV 

UVB 3-300 Com pletely absorbed by oxygen. 
Nitrogen, and ozone in the upper 
atm osphere

UVA 300-400 Transm itted through the atm osphere 
but atm ospheric scattering is severe

Visable 

Infrared, IR

400-700 Transm itted through the atm osphere 
with m oderate scattering o f the shorter 
wavelengths

Reflected IR 700-3000 Mostly reflected radiation

T hennal IR 3000-14000 Absorption at specific w avelengths by 
carbon dioxide, ozone and w ater 
vapour, with two m ajor atm ospheric 
windows

Table 2.2: E lectrom agnetic Energy (Acra et al., 1989)

2.5.2 Propagation o f  Solar Energy

The sun continuously radiates enorm ous amounts o f solar energy at wavelengths that cover 

the ultraviolet, visable and infrared bands. The m axim um  intensity o f the em itted solar 

energy occurs at a wavelength o f about 555nm, which falls within the band o f green visable 

light.

Solar radiation moves freely in outer space because o f the vacuum, unless its path is 

obstructed by planets, satellites, meteorites or other space objects. W hatever portion 

reaches the earth and its surrounding atm osphere may encounter a variety o f  atm ospheric or 

terrestrial objects. W hen solar radiation strikes any object w hether in the form o f a gas, 

liquid or solid, changes in its magnitude, direction and wavelength are expected to occur 

depending upon the nature and characteristics of the intervening object (Acra et a i ,  1989). 

These changes may come as a result o f  any o f the following possible phenomena;
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• Radiation may be transmitted through a transparent object with a change in speed 

and direction.

•  Radiation may be partially or com pletely absorbed by an object, the com ponents

thus absorbed being dependent on the wavelength o f the specific radiation and the 

characteristics of the object.

• Radiation may be scattered by being deflected in all directions, a com m on

exam ple being the scattering o f sunlight as it traverses the atmosphere.

• Radiation may be reflected by being returned from the surface o f an object in an

unchanged form except for the deviation whereby the angle o f reflection would be 

equal and opposite to the angle of incidence.

Outer Space

The enorm ous am ount of energy continuously emitted by the sun is dispersed into outer 

space in all directions. Only a small fraction o f this energy is intercepted by the earth and 

other solar planets. The solar energy reaching the periphery o f the earth’s atm osphere is 

considered to be constant for all practical purposes, and is known as the solar constant. 

Because o f the difficulty in achieving accurate m easurem ents, the exact value o f the solar 

constant is not known with certainty but is believed to be 1360W/m" (§en, 2004). The 

solar constant value is estim ated on the basis o f the solar radiation received on a unit area 

exposed perpendicularly to the rays of the sun at an average distance between the sun and 

the earth. In passing through outer space, which is characterised by vacuum, the different 

types o f solar energy remain intact and are not modified until the radiation reaches the top 

of the earth’s atmosphere. In outer space, therefore, one would expect to encounter the 

types of radiation listed in Table 2.2, which are: gamma ray. X-ray, ultraviolet and infrared 

radiations (Acra et al., 1989).

A tm ospheric Ejfects

Not all of the solar radiation received at the periphery o f the atm osphere reaches the 

surfaces o f the earth. This is because the earth ’s atm osphere plays an im portant role in 

selectively controlling the passage towards the earth ’s surface o f the various com ponents of 

solar radiation. A considerable portion of solar radiation is reflected back into outer space
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upon striking the uppermost layers o f the atm osphere, and also from the tops o f the clouds. 

In the course of penetration through the atm osphere, some o f the incoming radiation is 

either absorbed or scattered in all directions by atm ospheric gases, vapours and dust 

particles. The scattered portion is also called diffuse radiation and the radiation arriving on 

the ground directly in line from the sun is called direct radiation (§en, 2004). There are two 

processes known to be involved in atm ospheric scattering o f solar radiation. These are 

term ed selective scattering and non-selective scattering. These two processes are 

determ ined by the different sizes o f particles in the atmosphere.

Selective scattering is so named because radiations with shorter wavelengths are selectively 

scattered much more extensively than those with longer wavelengths. It is caused by 

atm ospheric gases or particles that are sm aller in dim ension than the wavelength o f a 

particular radiation. Such scattering could be caused by gas molecules, smoke, fumes, and 

haze. U nder clear atm ospheric conditions, therefore, selective scattering would be much 

less severe than when the atmosphere is extensively polluted form anthropogenic sources. 

Selective atm ospheric scattering is, broadly speaking, inversely proportional to the 

w avelength o f radiation and, therefore, decreases in the following order o f  m agnitude: far 

U V >near U V >violet>blue>green>yellow>orange>red>infrared. Accordingly, the most 

severely scattered radiation s that which falls in the ultraviolet, violet and blue bands o f the 

spectrum. The scattering effect on radiation in these three bands is roughly ten times as 

great as on the red rays o f sunlight (Acra et a i ,  1989).

N on-selective scattering occurring in the low er atm osphere is caused by dust, fog and 

clouds with particle sizes more than ten times the wavelength o f the com ponents o f  solar 

radiation. Since the amount o f scattering is equal for all wavelengths, clouds and fog 

appear white although their water particles are colourless. A tm ospheric gases also absorb 

solar energy at certain wavelength intervals called absorption bands, in contrast to the 

wavelength regions characterised by high transm ittance o f solar radiation called 

atm ospheric transm ission bands, or atm ospheric windows. The degree o f absorption o f 

solar radiation passing through the outer atm osphere depends upon the com ponent rays o f 

sunlight and their wavelengths. The gam m a rays. X-rays and UV radiation less than 

200nm in wavelength are absorbed by oxygen and nitrogen. M ost o f  the radiation with a 

range of w avelengths from 200nm to 300nm is absorbed by the ozone (O3) layer in the
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upper atmosphere. These absorption phenomena are essential for living things because 

prolonged exposure to radiation of wavelengths shorter than 300nm destroys living tissue. 

Solar radiation in the red and infrared regions of the spectrum at wavelengths greater than 

VOOnm is absorbed to some extent by carbon dioxide, ozone and water present in the 

atmosphere in the form of vapour and condensed droplets. In fact, the water droplets 

present in clouds not only absorb rays of long wavelengths, but also scatter some of the 

solar radiation of short wavelengths (Acra et a i, 1989).

Ground Level

As a result of the atmospheric phenomena involving reflection, scattering, and absorption 

of radiation, the quantity of solar energy that ultimately reaches the earth’s surface is much 

reduced in intensity as it traverses the atmosphere. The amount of reduction varies with the 

radiation wavelength, and depends on the length of the atmospheric path through which the 

solar radiation traverses. The intensity of the direct beams of sunlight thus depends on the 

altitude of the sun, and also varies with such factors as latitude, season, cloud coverage and 

atmospheric pollutants.

The total radiation received at ground level includes both direct radiation and indirect (or 

diffuse) radiation. Diffuse radiation is the component of total radiation caused by 

atmospheric scattering and reflection of the incident radiation on the ground. Absorbed, 

diffused and direct radiation types are presented in Figure 2.3 below, where solar radiation 

from the sun at the top of the atmosphere is assumed as 100 units.
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Figure 2.3: Direct, diffuse and absorbed radiation ($en, 2004)
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Reflection from the ground is prim arily visable light with a m axim um  radiation peak at a 

wavelength o f 555nm  (green light). The relatively small am ount o f energy radiated from 

the earth at an average am bient tem perature of 17°C at its surface consists o f infrared 

radiation with a peak concentration at 970nm. This invisible radiation is dom inant at night. 

During daylight hours, the amount of diffuse radiation may be as m uch as 10% o f the total 

solar radiation at noon even when the sky is clear. This value m ay rise to about 20% in the 

early m orning and late afternoon. The UV com ponent does not exceed 5% o f the total 

incident radiation at sea level under cloudless atm ospheric conditions (Acra et al., 1989). 

At high altitudes, the intensity o f UVR is significantly higher than at sea level. W ith 

increasing height the overhead atm osphere becomes thinner and the attenuation o f the UV 

radiation from atm ospheric constituents such as aerosols and clouds is decreasing (Dvorkin 

and Steinberger, 1999; Alexandris et a l ,  1999). The spectral distribution of solar energy at 

sea level is roughly 3, 44 and 53%  in the UV, visable and infrared regions, respectively. In 

practice these variables need to be taken into consideration for the use o f solar energy 

(Acra et al., 1990).

In conclusion, therefore, it is evident that in cloudy weather the total radiation received at 

ground level is greatly reduced, the am ount of reduction being dependent on cloud 

coverage and cloud thickness. Under extrem e cloud conditions a significant proportion of 

the incident radiation would be in the form o f scattered or diffuse light. Chen et al. (2004) 

found that greater attenuation is found for clouds whose base lies below 300m with 

reductions being up to 65%, whereas clouds between 300 and 100m reduced UVB doses by 

56%. In addition, lesser solar radiation is expected during the early and late hours o f the 

day. These facts are of practical value for the proper utilisation o f solar radiation for such 

purposes as destruction of microorganisms.

2 .5 .3 W orld Distribution o f  Solar Radiation

It is com m on knowledge that solar radiation is unevenly distributed, and that it varies in 

intensity from one geographic location to another depending on latitude, season and time of 

day. Until recently, valid records for solar radiation have been very scanty in the vast 

m ajority o f  the developing countries. In the absence o f such useful inform ation as a guide 

for the proper exploitation of solar energy, only general hints can be offered regarding the
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geographic areas with favourable conditions for solar energy applications.

For convenience and simplicity, the geographic distribution o f total solar radiation on a 

global scale is divided in terms o f intensity into four broad belts around the earth. These 

are illustrated in Figure 2.4 and also briefly described below with respect to the northern 

hem isphere, with the understanding that the sam e conditions apply to the corresponding 

belts in the southern hem isphere (Acra et a i ,  1989):
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Figure 2.4: W orld Distribution of Solar Radiation (Acra et a i ,  1989)

•  The m ost favourable belt. This belt, lying between latitudes 15°N and 35°N, 

em braces the regions that are naturally endow ed with the most favourable 

conditions for solar energy applications. These semi-arid regions are characterised 

by having the greatest am ount o f solar radiation, more than 90% o f which com es 

as direct radiation because of the lim ited cloud coverage and rainfall (less than 

250mm per year). M oreover, there is usually over 3000 hours o f sunshine per 

year.
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•  M oderately favourable belt. This belt lies between the equator and latitude 15“N, 

and is the next most favourable region for the purpose o f solar energy apphcations. 

Because hum idity is high and cloud cover is frequent, the proportion o f scattered 

radiation is quite high. There is a total o f  about 2500 hours o f sunshine per year. 

The solar intensity is almost uniform throughout the year as the seasonal variations 

are only slight.

•  Less favourable belt. This belt lies between latitude 35°N and 45°N. Although the 

average solar radiation intensity is roughly about the same as for the other two 

belts, there are marked seasonal variations in both radiation intensities and 

daylight hours. During the winter months solar radiation is relatively lower than in 

the rest of the year.

•  Least favourable belt. The regions in the belt lie beyond latitude 45°N. They 

include the USSR, and the greater parts o f northern Europe and North America. 

Here about half o f the total radiation is diffuse radiation, with a higher proportion 

in w inter than in summer primarily because o f the rather frequent and extensive 

cloud cover.

Solar intensities in Ireland, Spain, Sudan and Ghana (one in each belt) are shown in Table 

2.3 for different times o f year.

Location
Solar Intensity @ midday (kW /m ') 

June December Latitude Longitude
Dublin, Ireland 0.56 0.12 53 6
M adrid, Spain 0.82 0.33 40 3
Khartoum, Sudan 0.72 0.51 15 32
Accra, Ghana 0.59 0.48 5 0

Table 2.3: Solar Intensities at different times o f year at different latitudes (NASA, 2005)

It is important to note that the majority o f developing countries fall within the more 

favourable regions between latitudes 35°N and 35°S. For this reason they can count on 

solar radiation as a steadfast source of energy that can be readily exploited cheaply by both 

rural and urban households for a multitude of purposes, including solar disinfection of
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drinking water.

2 . 6 Solar Distillation

2.6.1 Lethal Effect o f  Heat on Bacteria

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. Nevertheless it is apparent that no single event is responsible for 

cell death (Russell, 2003). Bacteria vary considerably in their temperature response, 

depending on the type of bacteria i.e. whether they are sporulating or non-sporulating. 

Some bacteria have the ability to form a protective coating called a spore when subjected to 

adverse conditions such as heat. E. coli. Salmonella sp. and Streptococci are example of 

non-sporulating bacteria, whereas Bacillus species and Clostridium perfringens have the 

ability to form spores.

• Non-Sporulating Bacteria

All the major cellular components are affected, namely the outer cell layers (and especially 

the outer membrane in Gram-negative bacteria), cytoplasmic membrane, ribosomal RNA, 

proteins, among them enzymes and DNA. There is a rapid induction of intracellular heat- 

shock proteins that provide cells with the means to attempt to mitigate the effects of high 

temperatures. Extracellular alarmones may be produced to warn organisms of impending 

disaster. Exposure of cultures to increasing temperatures may enable the cells to adapt to 

higher, normally rapidly lethal temperatures (Russell, 2003).

• Bacterial Spores

Marked structural and physiological changes occur during sporulation, germination and 

outgrowth with significant changes in susceptibility to high temperatures. During 

sporulation, heat resistance develops, whereas during early germination depolymerisation 

of the cortex takes place and heat sensitivity is regained.

Moist heat damages the spore membranes and there is protein denaturation and strand 

breakage. General stress proteins, some specific to heat shock, arise when sporulation 

proceeds at a normal temperature after previous cell exposure to a higher temperature. Dry 

heat is mutagenic i.e. it causes a change to the cell’s DNA (Russell, 2003).
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These tem perature effects can be prom oted in various ways using solar distillation 

techniques.

2.6.2 Application o f  Sunlight to Promote a Heating Effect

The sun ’s energy can be used to heat water to pasteurisation tem perature in a num ber of 

devices. The sim plest solar water purification devices are the solar box and the solar still.

A solar box consists o f a cardboard or wooden box with an insulated bottom and sides and 

a glass or clear plastic lid. The inside surfaces should be painted black. A covered pot with 

w ater (ideally also black) is placed inside. The pot remains in the box until the w ater is at 

65° for a few minutes. Generally, a solar box can pasteurise about a gallon o f w ater in 3 

hours on a very sunny day. Pasteurisation can kill bacteria, viruses and cysts, heating water 

up to 65° for six minutes will kill all bacteria, viruses and parasites present (Rolla, 1998). 

Solar distillation uses sunlight to heat water and produce water vapour, which is then 

condensed back to water, impurities such as salts, m inerals, heavy metals and bacteria will 

not evaporate and are left behind (Simate, 2001). The basic operation o f a solar still is that 

w ater to be distilled is contained in an enclosure which has the top cover m ade o f glass or 

som e other transparent material and the cover is inclined at an angle. Direct sunlight heats 

up the w ater in the basin through the bottom of the basin and this causes the w ater to 

evaporate. The water vapour then condenses on the glass cover since the cover is in contact 

with the cooler outside air. The resulting liquid w ater mns under the glass cover and is 

collected.

In 1995 a sim ple reflective solar cooker, the Cookit, was developed by Solar Cookers 

International (SCI; Sacramento California) and subsequently introduced as a cooking 

device in three refugee camps in Kenya and Ethiopia. For cooking the foiled reflective 

panels o f  the Cookit direct sunshine onto a dark pot, which is enclosed in a clear 

polypropylene, bag and cooks the food. It was discovered when using Cookit on sunny 

days a plastic bag was not needed to enclose a black ja r  for heating water to pasteurisation 

tem peratures (at least 65°C) (Safapour and Metcalf, 1998).

In 1998 Jorgensen et al. developed a device for direct heating o f w ater by solar radiation in 

a flow through system of copper pipes. The solar w ater device heats water by using solar 

radiation directly in a flow-through system o f copper pipes arranged in parallel with two
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horizontal header pipes and several vertical riser pipes. The water is led into the lower 

horizontal pipe and from here it rises by convection to the upper horizontal pipe. The pipes 

are connected by soft soldering and covered by alum inium  plates. The tubes and plates are 

painted black, m ounted in an alum inium  box and covered with a transparent double layer 

polycarbonate plate, coated to resist UV radiation. W hen the tem perature o f the w ater 

reaches 75°C a valve opens and the water can flow out of the system. Daily production was 

found to be about 50 litres o f decontaminated water per metre squared o f reactor.

2.7 Solar Disinfection
2.7 . 1 H istory o f  Solar Disinfection

The germ icidal effect of sunlight has long been known. Between 1877 and 1895 a 

rem arkable set o f studies revealed that sunlight, especially the U V -violet-blue rays, was 

capable of killing many different types o f bacteria (Hockberger, 2000). Downes and Blunt 

(1877-1878) reported that the growth o f bacteria was inhibited by exposure to sunlight. 

This was dem onstrated by placing glass test tubes containing Pasteur solution on a 

windowsill and exposing them to London air (source of contam ination). The tubes that 

were exposed to daily sunlight remained free from contam ination whereas tubes that had 

been shielded form sunlight became contaminated within a few days.

W avelength sensitivity was evaluated by placing the test tubes in boxes m ade o f coloured 

glass. Contam ination was noticeably absent in the deep blue and clear boxes whereas 

contam ination proceeded as normal within the blood red and yellow boxes.

In 1885 Satum in Arloing investigated the effect o f sunlight on Bacillus anthacis. He also 

developed an im proved strategy for delivering sunlight to the sam ple; he em ployed a 

heliostat that allowed the light to remain focused on its target throughout the day. U nder 

these conditions growth of the bacteria was prevented for weeks after as little as two hours 

o f direct sunlight (Hockberger, 2000)

In 1892-95 M arshal W ard began his studies o f  solar toxicity also using B. anthracis. He 

inoculated agar and gelatin containing glass Petri dishes with bacteria, m ounted each dish 

several inches above a m irror that was used to reflect sunlight to the underside o f the dish. 

A black stencil was affixed to the underside o f the dish providing a cutout o f  an 

alphanum eric symbol by which to gauge bacterial growth. After exposure followed by 48h
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in the dark, anthrax colonies grew everywhere except where light had penetrated the 

symbol (Hockberger, 2000).

W ard also perform ed a series of experim ents to test the wavelength sensitivity o f the 

response. He cut a hole in the top o f the dish and covered it with a thin quartz cover slip to 

allow  UV transm ission. Next, he used a lens-slit-lens com bination to fill the face o f a 

prism with light from an electric arc lamp, maximising the efficiency and stability o f the 

illum ination. The spectral output o f the prism was directed onto the quartz w indow 

creating a rectangular pattern on the agar plate. He m arked the pattern and then covered the 

entire plate (excluding the window) in black paper, wrapped in alum inium  foil and covered 

in w hite paper. This reduced reflections inside the dish and minim ised absorption on the 

outside. There was virtually identical inhibition o f growth throughout the U V -violet-blue 

region with a sharp cut-off at the borderline between blue and green light. There was no 

evidence o f any effect in any other region o f the visable or the infrared spectrum.

These initial findings have then led to further, more recent investigation into simple 

m ethods of disinfecting drinking water using sunlight.

2.7.2 Solar D isinfection M echanisms

Downes and Blunt (1878) also performed tests aimed at addressing the underlying 

m olecular mechanism. They reasoned that sunlight m ight act either by destroying 

m olecules inside the bacteria, or alternatively by inducing the synthesis o f  toxic by

products, or both. They found that the experiments they perform ed on Pasteur solution 

were unaffected by sunlight and therefore suggested that a cellular induction (initiating or 

increasing production o f an enzyme) process was more likely.

In order to understand how UV radiation affects molecules an understanding o f how 

radiation is absorbed by a substance is required. Photons are produced at each specific 

w avelength o f a light source. Each photon has its own energy content, which depends upon 

the wavelength. W hen the photon is absorbed by a material, for example a m icroorganism , 

electrons in the atoms or molecules making up the material are excited. The velocity o f the 

photons is equal to the velocity of visable light, 3x10**m/s, while the time needed for their 

absorption by atom s or m olecules is about 10"'^ seconds. The larger and more com plex a 

m olecule (for example DNA or proteins), the more different wavelengths are absorbed and
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therefore the wider the absorption Hne spectrum (KaUsvaart, 2001).

An atom  or m olecule absorbing a UV photon assum es for a period of 1 0 ' to 10'^ seconds 

an excited state in which the energy of its electrons are increased by the am ount o f photon 

energy. The num ber of possible states for the electrons is finite - only photons o f specific 

wavelengths can be absorbed by an isolated atom ic or m olecular species. The excitation 

energy provided by the UV photons is much higher than energy o f therm al m otions o f 

m olecules at physiological temperatures. A bsorbing m olecules therefore assum e energy 

levels that they otherw ise would never attain and thus acquire properties differing 

considerably form those effective in ordinary chemistry. As an excited electron returns to a 

lower energetic state excess energy may be disposed o f  in several ways (Harm, 1980):

•  Em itted as a photon-fluorescence

•  Dissipated as thermal energy in the course of collisions with other m olecules

•  May cause a photochemical reaction - im m ediate effects o f UV radiation which are

the basis for photochemical phenomena.

C ell C om ponents absorbing Radiation below  SOOnm

•  DNA

The majority of biological effects, especially in very small m icroorganisms are in the first 

place due to photochem ical reactions in the nucleic acid DNA, which contains the genetic 

m aterial o f all cellular organisms. The absorption curve shows m axim um  absorption at 

200nm  with an absorption peak at 260-265nm (i.e. m axim um  absorption does not occur at 

254nm ) (Von Sonntag, 1986). In DNA the backbone m olecules (sugar and phosphate) do 

not absorb above 210nm. Absorption by DNA and RNA above 210nm  is due to absorption 

o f nucleotide bases adenine (A), guanine (G), cytosine (C), thym ine (T) and uracil (U) 

(found only in RNA). The absorption spectra o f bases are found in the UV-C and UV-B 

regions. Nucleotide bases absorb photons so the result is the formation o f photoproducts. 

The most com m on photoproducts are thym ine dimers, which occur when two adjacent 

thym ines become covalently joined by cyclobutane. W hen DNA is dam aged it can no 

longer replicate and so the bacterial cell is unable to m ultiply and assum ed to be killed.
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• Proteins

This is relevant in the case of larger m icroorganisms such as fungi, protozoa and algae. UV 

may be unable to penetrate far beneath the surfaces o f these organism s leaving the DNA 

scarcely affected, if at all. It is probably no accident that precisely at the point where solar 

radiation falls o ff below 300nm proteins and nucleic acids begin to absorb and be dam aged 

by UV radiation (Jagger, 1967).

The absorption spectrum o f proteins shows a peak at around 280nm. The peptide bond (- 

C ONH -) in proteins displays some double bond characteristics; it is a relatively w eak 

absorber and is only significant at wavelengths below 240nm. As there is a peptide bond 

for every am ino acid residue in a protein, UV absorption below 240nm  is significant. 

Absorption o f UV light by the amino acid cysteine makes proteins and enzym es unstable. 

If the dissociation energy for disulphide (S-S) bond between cysteines is reached 

dissociation o f the tertiary structure of the protein takes place which results in denaturation 

o f the biom olecule. This will result in a loss o f the biological activity o f the m olecule. For 

exam ple if  denaturation of the enzym e polym erase takes place the m icroorganism  losses its 

ability to m ultiply. Due to the high concentration o f proteins in m icroorganism s (50% dry 

weight) absorption of UV may often influence their role in nucleic acid synthesis and 

chrom osom e structure.

Cell Components Absorbing Radiation above 300nm

The ability o f wavelengths in the solar spectrum above 300nm to kill small bacteria (<10 

jim) has been known for a long time (Airloing, 1885). The affected biological m olecules or 

chrom ophores have not yet been identified, since proteins and nucleic acids show little or 

no absorption above 340nm. Hence, other chromophores with sufficient absorbency to 

result in the killing o f small m icroorganisms must be targeted. W avelengths above 300nm 

and in the adjacent visible range destroy the capacity o f m icroorganism s to m ultiply and 

radiation o f 350-490nm  has been shown to cause leakage o f ions. It has also been 

suggested that dam age at these wavelengths is less effectively repaired than at 254nm . 

Germ icidal effects o f UVA are almost entirely due to the form ation o f oxygen radicals in 

the cytoplasm  (Tortora, 1995; Kalisvaart, 2001).
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Mechanism o f  Solar  Disinfection

UVA dam age occurs when UVA radiation is absorbed by photosensitizers which react with 

oxygen molecules producing highly reactive oxygen species which in turn react with DNA, 

dam aging bases, breaking strands and cross linking DNA and proteins. Photosensitizers 

present in the w ater absorb UV light and are raised to an excited singlet state. This is very 

unstable and may return to ground state im mediately with subsequent loss of energy, 

usually as a photon o f light. If the excited state undergoes intersystem  crossing i.e. a 

transition between singlet an triplet states, a metastable (transient but long lived) triplet 

state, an excited state at lower energy than the singlet state, will be produced (see Figure 

2.5). Tliis state has a longer half-life (10 '̂ - 5 seconds) allowing it to interact with 

neighbouring m olecules before returning to ground state (W hitelam, 1986).

S i - |

^  = {ufem©

Figure 2.5: Possible Energy states of an absorbed photon (Jablonski D iagram ) where So is 

ground state, Si is an excited singlet state and Ti is a triplet state.

There are two m eans by which the excited triplet sensitizer can interact with oxygen and 

generate highly reactive oxygen species.

Type I: (reaction with a substrate)

This reaction involves the transfer o f  an electron from  a substrate with subsequent
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production  o f  a sem i-red uced  sen sitizer and sem io x id ised  substrate (S p ik es, 1977). T h e  

sem ired u ced  sen sitizer  m ay then react w ith  o x y g en  producing a h igh ly  reactive su p erox id e  

radical. The su p erox id e radical sp ontaneously  d ism utates to produce ground state o x y g e n  

and hydrogen  p eroxide. A  h igh ly  reactive h ydroxyl radical m ay then be generated  from  

h ydrogen  p erox id e i f  traces o f  free iron or ascorbate and thiol com p ou n d s are present.

Type II: (reaction with molecular oxygen)

T h ese  reactions in v o lv e  the transfer o f  energy and are m ore com m on . T h e product o f  the  

reaction  is m uch m ore reactive than th ose form ed in type 1 reactions. A n  ex c ited  trip let 

state sen sitizer  sim p ly  reacts with triplet o x y g en  w ith  the production  o f  the ground state  

sen sitizer  and a h igh ly  reactive s in g let state o f  o xygen .

B oth  types o f  reaction lead to a h igh ly  reactive o x y g en  sp ec ies  and it is th ese , w h ich  

interfere w ith  D N A , proteins and m em branes thus cau sin g  the bactericidal action  o f  the 

sun. T he reactive o x y g en  sp ec ies  attack D N A  cau sin g base ch arges or strand breaks (Farr, 

1991). Such d am age m ay result in a b lock  in replication  and thus be lethal. R ea c tiv e  

o x y g en  sp ec ie s  have a lso  been  sh ow n  to attack proteins altering the am ino acids. Such  

alterations m ay lead to the inactivation  o f  certain en zym es and thus a ffect m ajor  

in tercellu lar activ ities. P h otosen sitizers play an im portant role as they absorb light. 

O x y g en  m ust be present to react w ith exc ited  p hotosen sitizers in order to produce reactive  

m o lecu les . T he h igher the leve l o f  o x y g en  the greater the ch an ce o f  an ex c ited  

p h otosen sitizer  d issip ating  its energy to it.

In sum m ary, the adverse e ffec ts  o f  so lar radiation on liv in g  sy stem s are m ostly  attributed to  

the sm all am ount o f  U V B  that is absorbed by cellu lar D N A . U V A  w avelen g th s are less  

e ff ic ien t in in d u cin g  D N A  dam age b ecau se they are n ot absorbed by native D N A  but can  

still produce secon dary photoreactions o f  ex istin g  D N A  photoproducts or d am age D N A  via  

indirect p h otosen sitisin g  reactions (S inha and Hader, 2 0 0 2 ). U V B  ca u ses direct D N A  

d am age by in du cing  the form ation o f  D N A  photoproducts, o f  w h ich  cy c lo b u ta n e  

pyrim id ine d im ers are the m ost com m on . W hereas U V A  w a v elen g th s cau se indirect 

dam age to ce llu lar  D N A  through ca ta ly sin g  the form ation o f  ch em ica l in term ediates such  

as reactive o x y g en  sp ec ies such as O 2 ', H 2O 2 and OH  (R in con  and Pulgarin , 2004 ).
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2 .7.3 Batch Process Solar Disinfection

Batch Process Solar Disinfection (SODIS) consists o f exposing raw w ater to the sun for 

several hours. This can be done in bottles or plastic bags in order to provide a low cost 

individual water treatm ent (Som m er et a i ,  1997). SODIS is a treatm ent m ethod to 

elim inate the pathogens, which cause water-borne diseases. It is ideal to disinfect small 

quantities o f water used for consum ption. The treatm ent process depends on solar energy 

only, which is an old but hardly apphed water purification method.

In 1991, EAW AG/SANDEC em barked on an extensive project to assess the potential of 

SODIS and develop an effective, sustainable, low-cost w ater treatm ent method. SODIS is 

a sim ple technology used to im prove the microbiological quality o f drinking water. SODIS 

uses solar radiation to destroy pathogenic m icroorganisms that cause water borne diseases. 

It is ideal to treat small quantities o f water.

Contam inated water is filled into transparent plastic bottles and exposed to full sunlight for 

six hours. Sunlight treats the contam inated water through two synergistic m echanisms: 

UVA radiation and increased water temperature. If the w ater tem perature rises above 50°C, 

the disinfection process is three times faster (EAW AG, 2005).

Figure 2.6: Batch Process Solar Disinfection (EAW AG, 2005)

A num ber o f factors were found to be key in the application o f SODIS (EAW AG, 2005).

• W eather

SODIS containers need to be exposed to the sun for 6 hours if the sky is clear or up to 50%

Inactivation  of microorganisms by 
UV-A-radiation and (h»inal 
treatment
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cloudy. The container needs to be exposed to the sun for 2 consecutive days if  the sky is 

100% cloudy. During days of continuous rainfall SODIS does not perform  satisfactorily. 

R ainw ater harvesting is recom m ended during these days. If a w ater tem perature of at least 

50°C is reached, an exposure time o f 1 hour is sufficient.

•  W ater Turbidity

Suspended particles in the water reduce the penetration o f solar radiation into the water and 

protect m icroorganism s from being irradiated. SODIS requires relatively clear water with 

turbidity less than 30NTU. W ater with a higher turbidity has to be inactivated by the 

tem perature increase rather than radiation or the water must be filtered before being 

exposed to the sun.

•  M aterial and Shape of the Containers

Various types of transparent materials are good transm itters of light in the UV and visable 

range o f the solar spectrum. Plastic bottles made from PET (Polyethyleneterephthalate) are 

preferred because they contain less UV-stabilisers than PVC bottles. Ageing o f plastic 

bottles due to mechanical scratches and photoproduct production leads to a reduction in UV 

transm ittance, which reduces the efficiency of SODIS. Heavily scratched or old, blind 

bottles should be replaced.

UV radiation is reduced by increasing water depth. At a water depth o f 10cm and m oderate 

turbidity of 26NTU, UV radiation is reduced by 50%. PET bottles do not have the most 

efficient shape for SODIS as they have a small area for sunlight exposure and have a w ater 

depth o f 6 -10cm. Containers with a larger exposed area per water volum e w ould be more 

efficient. However, PET soft drink bottles are often easily available and thus m ore 

practical for the SODIS application.

• Oxygen

SODIS is more efficient in water containing high levels o f oxygen. Aeration o f  the water 

can be achieved by shaking % filled containers for about 20 seconds before they are 

com pletely filled.

M icroorganism s, which have been found to be inactivated by SODIS, include pathogenic 

bacteria, viruses and protozoa. Table 2.4 below shows a list o f pathogens that have been 

successfully inactivated by SODIS.
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Pathogen ! Illness Reduction through SODIS “
al wattr (•mperaturtft of 40*C and tolar 
txDoaur* of 6 hour*

Baklafta
E.coli T Indikator for W ater 3-4 log

Quality 
& Enteritis

(99 9 99 99%)

Vibrio chol«ra  ^ Cholera 3-4 1 ^
Salm onella sp p . i 
ShM la spp.

Thyphold
D ysentery

3-4 log 
3-4 log

VInitM
R otavirus 1 D iarrhoea, D y ^ n te ry 3-4 log
Polio Virus Polio inactivated , re su lts  not yet

H epatitis Virus H epatitis
p ub lished  

R eduction  of c a s e s  of SODIS 
u se rs

Protozoa 1 1
G iardia s p p  1 
C ryptoapo ild lum  spp .

G iard iasis
C ryp tospo rid iasis

3-4 log (Infectlvity of C ysts) 
2-3 log (Infectlvity of C ysts)

E ntam oeba h istoiitica i D ysentery Inactivated, resu lts  not yet 
pub lished

Table 2.4: Inactivation o f D ifferent Organisms by SODIS (EAW AG, 2005)

Num erous studies have since been carried out to enhance the batch disinfection process by 

sim ple m ethods and to assess the effect of SODIS on different m icroorganisms, with the 

main indicator organism  being E. coli K-12 (Kehoe et al., 2001; M artin-D om inguez et al., 

2005; Reed, 1997; Reed et al, 2000). Photocatalytic enhancem ents have also been looked 

at and will be discussed in Section 1.6.

Kehoe el al., 2001 assessed the effect o f agitation, turbidity, alum inium  foil reflectors and 

container volum e on the efficiency o f the batch process. To investigate the effect of 

agitation on inactivation kinetics 1 litre bottles were filled % full and agitated by vigorous 

shaking for 1 m inute prior to sampling. It was reported that no significant difference in 

inactivation rates was observed between agitated and non-agitated samples, how ever 1 

m inute agitation does not seem very efficient, oxygen transfer could be im proved by 

continuous stirring. The study on the effect o f alum inium  foil reflectors was carried out 

using 0.5 litre bottles with alum inium  kitchen foil attached to the rear outside surface o f the 

bottles. Inactivation rates o f E. coli were significantly im proved in those bottles that were 

foil backed (1.85 times better). Two separate samples were used to assess the effect of 

turbidity on the disinfection process. In overcast conditions (mean irradiance 19mW cm ") a 

sam ple with a turbidity o f lOONTU experienced a 6-log reduction in E. coli after 8.5 hours 

exposure whereas a sam ple with turbidity o f 200NTU showed only a 3-log reduction after 

exposure under the same conditions. Exposures o f 0.5 litres and 1.5 litre volum es showed
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no significant difference in inactivation icinetics.

Reed (1997) investigated the role of oxygen in the SODIS process by exposing 2 litre 

bottles of contam inated water {E. coli and Ent. faecalis) to direct sunlight. Bottles were 

prepared such that separate samples were under anaerobic or aerobic conditions. It was 

shown that inactivation of E. coli in aerobic samples was 4 times more effective than in the 

anaerobic sam ples whereas it was 10 times more effective for Ent. faeca lis  in the aerobic 

sam ples, showing that solar disinfection is more effective under aerobic conditions. 

Further research by Reed et al. (2000) confirmed the oxygen requirem ent for inactivation o f 

faecal coliform s under field conditions.

Dom inguez et al. (2005) tested SODIS bottles with different shaped reflectors underneath 

to assess the effect of reflected sunlight on the disinfection process. Two different 

concentrating designs were used: a square concentrator and a double parabola concentrator. 

The reflecting surface in each case was alum inised duct tape. The authors also tested a 

com bination o f clear bottles, half black bottles and bottles which were totally painted black. 

The best results were observed when either concentrator was used with the half black bottle 

or the transparent bottle as com pared to those experim ents when no concentrator was used. 

Between D ecem ber 1995 and March 1996 a controlled field trial was carried out in Kenya 

to assess the health benefit o f using SODIS bottles (Conroy et al., 1996). 206 M aasai

children aged between 5-16 in three adjoining areas o f the Kajiado province in Kenya were 

given two 1.5 litre plastic bottles and assigned a method o f water storage- full exposure to 

sunlight or no exposure. Every two weeks for twelve weeks the mothers o f the children 

were asked to report any episodes o f diarrhoea in their children. W ater sources were 

m onitored and tested repeatedly positive for faecal coliform s during the trial. During this 

study solar treatm ent of drinking water was associated with a reduction in diarrhoea 

episodes.

SODIS, while proving to be an effective technology has a num ber o f limitations such as the 

volum e o f water that can be treated and the inherent dependency on each individual user. 

These lim itations could be addressed by employing a centralised continuous flow system.
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2.7.4 Continuous Flow Solar Disinfection

To date research into continuous flow systems for disinfection purposes has been limited 

with two main studies carried out by Acra et al. (1990) and Vidal and Diaz (2000). In the 

past, solar continuous flow systems have mainly been used for detoxification of chemicals 

by photocatalytic processes (see Section 2.8).

Acra et al. (1990) tested two separate solar reactors in Beirut in the late 1980s. Each 

reactor consisted of a storage reservoir and a solar reactor (serpentine or helical in shape) 

made form transparent Pyrex tubing, see Figure 2.7 below. Trial experiments were carried 

out in natural sunlight and results showed inactivation of Streptococcus faecalis, coliforms 

and E. coli. The authors recommended some factors that could increase the productivity of 

the reactors. These could include increasing reactor capacity or using many modular 

reactors and the removal of residual turbidity by settling in containers that could be readily 

removed for cleaning. They also felt it was essential to limit the disinfection process to 

that part of the day with sufficiently bright sunlight (~600W/m‘).

©
Figure 2.7: Serpentine (a) and Helical (b) shaped solar disinfection reactors (Acra et al., 

1990)

Vidal and Diaz (2000) performed experiments at both laboratory scale and at pilot plant 

level using a non-tracking compound parabolic collector. In the laboratory irradiation was 

carried out by a solar simulator with a lOOOW Xenon arc lamp. Reaction vessels were 

250ml vessels covered with Pyrex and experiments showed inactivation of E. coli, Ent. 

faecalis  and B. subtilis spores. The pilot scale apparatus consisted of 12 Pyrex tubes 

mounted in compound parabolic reflectors orientated in an east-west orientation to 

maximise sunlight capture. 150 litres of water was recirculated through the photoreactor
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tubes (25 litre volume) into a tank. Total inactivation o f E. coli and Ent. faecalis  was 

reported with initial concentrations varying from 1x10" to 1x10'  ̂ CFU/ml. A cost analysis 

of the system was also made estimating an annual cost o f disinfection in 2000 as $ 0 .19/m'\ 

Both o f these studies indicate that continuous flow solar disinfection could be an ideal 

appropriate technology for use in developing countries where there is an abundance of 

sunlight.

2 . 8 Solar Photocatalysis

2 .8 .1 Introduction

Photocatalysis may be defined as the acceleration o f a photoreaction by the presence of a 

catalyst (Blanco, 2003). Any mechanistic description o f a photoreaction begins with the 

absorption o f a photon. In the case of homogeneous photocatalytic processes the 

interaction o f a photon-absorbing species, a substrate (R) light can lead to a chemical 

modification o f the substrate, (R*). The photon absorbing species (C) is activated and 

accelerates the process by interacting through a state o f excitation (C*). In the case of 

heterogeneous photocatalysis the interaction of a photon produces the appearance of 

electron/hole (e‘ and h'̂ ) pairs, the catalyst being a semi-conductor (e.g. TiO:). In this case 

the excited electrons are transferred to the reducible specimen (Oxi) at the same time that 

the catalyst accepts electrons from the oxidisable specimen (Red2), which occupies the 

holes. In both directions the net flow of electrons is null and the catalyst remains unaltered. 

C ^ C *
C * + R  ^  R * + C  Homogeneous
R * -^  P

c-^c(e~ +h*)
h* +'Re,d2 0 X2 Heterogeneous

e~ + Ox̂  —> Re^/|

The following sections will focus on heterogeneous photocatalysis and in particular the use 

of TiO: to enhance the solar disinfection process.
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2.8.2 Heterogeneous Photocatalysis

The concept o f heterogeneous photocatalytic degradation is simple; the use und irradiation 

o f a stable solid sem iconductor for stimulating a reaction at the solid/solution interface. By 

definition the solid can be recovered unchanged after many turnovers o f the redox system. 

W hen a sem iconductor is in contact with a liquid electrolyte solution containing a redox 

couple, charge transfer occurs across the interface to balance the potentials o f the two 

phases. An electric field is form ed at the surface o f the sem iconductor towards the 

interface. During photoexcitation band bending (bending o f the valence bands in 

sem iconductors due to the existence of surface charge potential formed as a result of 

adsorption o f donor/acceptor molecules) provides the conditions for carrier separation. In 

the case o f sem iconductor particles, the two charge carriers should react at the 

sem iconductor/electrolyte interface with the species in solution. U nder steady state 

conditions the am ount o f charge transferred to the electrolyte m ust be equal and opposite 

for the two types o f carriers. The sem iconductor-m ediated processes involve electron 

transfer across the interface. W hen electron/hole pairs are generated in a sem iconductor 

particle the electron moves away from the surface to the bulk o f the sem iconductor as the 

hole m igrates towards the surface (see Figure 2.8 below). If these charge carriers are 

separated fast enough they can be used for chem ical reactions at the surface o f the 

photocatalyst i.e. for the oxidation or reduction o f pollutants (Blanco and M alato, 2002; 

Serpone and Emiline, 2002).

hi)

recom bination

Red

R ed,Oxid

Figure 2.8: Fate of Electrons and Holes with a Particle of Illum inated Sem iconductor in 

Contact with an Electrolyte (Blanco, 2003)
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Metal oxides and sulphides represent a large class of semiconductor materials suitable for 

photocatalytic purposes. Ti02 requires a band gap energy of 3.0 to be activated with the 

required corresponding wavelength being 390nm. This is calculated according to Planck’s 

equation which states the radiation able to produce this gap must be of wavelength (X)

equal or lower than that calculated by A = where Eg is the semiconductor band gap

energy, h is Planck’s constant and c is the speed of light. Table 2.5 lists some 

semiconductor materials that have been used for photocatalytic reactions together with the 

wavelength required to activate the catalysts.

Material Wavelength (nm)
CdS 497

Fe304 565

SnOj 318

TiO. 390
ZnO 390

Table 2.5: Semiconductor materials used in photocatalytic reactions with the wavelength 

required for activation.

Therefore a semiconductor particle is an ideal photocatalyst for a specific reaction if

•  The products formed are highly specific

• The catalyst remains unaltered during the process

• The formation of electron/hole pairs is required (generated by the absorption of

photons with energy greater than that necessary to move an electron from the

valence band to the conduction band)

• Photon energy is not stored in the final products.

2.8.3 Application to Water Treatment

UV light can be used in several ways but direct photolysis can occur only when the 

contaminant to be destroyed absorbs the incident light efficiently. Homogeneous 

photocatalysis require large quantities of added oxidant. One such process is Photo-Fenton
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reaction, an advanced oxidation process that has been developed to detoxify non- 

biodegradable wastewater. In the key reaction o f the Photo-Fenton process Fe'"^ ions are 

oxidised by the H 2O 2 while one equivalent OH is produced. The obtained Fê "  ̂ or its 

com plexes subsequently act as the light absorbing species that produce another radical 

while the initial Fe“  ̂ is retained.

F e ’" + 0 / / '  + 0 H '

+ H^O + h v ^ F e -  + H^OH'

[Fe^^L„]+hv- [̂Fe^^L,J+L'

The m ain advantage o f the Photo-Fenton process is the light sensitivity up to a w avelength 

o f 600nm  (35% of solar radiation). Disadvantages include the low pH values required and 

the necessity o f iron hydroxide removal after the reaction (Fallm ann et a i ,  1999).

D uring heterogeneous photocatalysis dispersed solid particles absorb larger fractions o f the 

UV spectrum  efficiently and generate chemical oxidants in-situ from dissolved oxygen or 

water. These advantages make heterogeneous photocatalysis a particularly attractive

m ethod for environm ental detoxification. The most im portant features o f this process

m aking it applicable to the treatment of contam inated aqueous effluents are:

• The process takes place at am bient temperature

•  Oxidation o f the organic substances into C O 2 is com plete if dosage o f Fenton’s

reagent as well as dose of photons is sufficient.

•  The oxygen necessary for the reaction is obtained from the atm osphere

• The catalyst is cheap, innocuous and can be reused

•  The catalyst can be attached to different types o f inert matrices
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F igure 2 .9 : E ffect o f  U V  R adiation  on a T i0 2  Particle D ispersed  in W ater

W h en ev er d ifferen t sem iconducto r m aterials have been tested  under com parab le  cond itions 

for the degradation  o f  the sam e com pound, T i0 2  has genera lly  been dem onstra ted  to be the 

m ost active . T i0 2 ’s strong resistance to chem ical and pho tocorrosion , its safety  and low  

cost lim its the cho ice  o f  conven ien t alternatives. TiOa is o f  special in terest since it can use 

natural sunlight, it is not pho tocorrosive in contrast to ZnO  or C ds and not toxic in co n trast 

to C dS. T his is because it has an appropriate  energetic  separation  betw een  its valence and  

conduction  bands, w hich can be surpassed  by the energy content o f  a so la r photon.

TiO-, —  ̂ + /i  -\-TiO-,

e~ + h* + Ti02 T1O2 + heat + hv'

{fio'; - - 7 / ' ”) - OH, + /vg ^  {no'; - o, - rr  ) - oh' +
Ol{ad.)

T he hydroxy l radical (O H ) is the m ain oxidising specim en responsib le  fo r pho toox idation  

o f  the m ajo rity  o f  the organic com pounds studied. T he first effect, a fte r absorp tion  o f  n ea r 

U V R , is the generation  o f  e lectron /ho le  pairs w hich are separated  betw een  the  conduction  

and valence bands. R ecom bination  o f  the pairs genera ted  is avo ided  if  the  d isso lven t is 

ox ido reductive ly  active (w ater) so that the solution a lso  acts as a donor and  accep to r o f  

e lectrons. T he holes ox id ise  w ater m olecules a ttached  to  the T i0 2  su rface  form ing  O H  

rad ica ls and  protons. O xygen and w ater are essential fo r photooxidation  w ith T i0 2 - th ere  is 

no deg radation  in the absence o f  e ither (B lanco, 2003). R utile  and anatase a re  tw o d iffe ren t 

m ineral form s o f  T i02  that are used in pho tocataly tic  system s. G enera lly  anatase  is
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considered to be the photoactive form while rutile is considered to have low photocatalytic 

activity. However, a mixture of anatase and rutile (e.g. TiOa Degussa P-25, consisting of 

80% anatase and 20% rutile) has been shown to have better photo-activity than either by 

itself (Rincon and Pulgarin, 2003).

2.8.4 T1O2 in Practice

One of the major design issues for photochemical systems is whether to use a suspended or 

a supported photocatalyst. Until now the majority of tests of solar photocatalytic reactors 

have been using small particles of Ti02 suspended in contaminated water. The main 

advantages of slurry systems are:

• A low pressure drop through the reactor

• Better availability of the catalytic surface area for adsorption and reaction

• Good mass transfer of the contaminants from the fluid to the photocatalyst

The major disadvantage of systems containing suspended solids is the need to remove the 

Ti02 from the cleaned water after treatment. Most TiO: powders contain submicron-sized 

particles. As a consequence, the potential inexpensive separation by sedimentation or 

filtration of the suspension is troublesome and treating large volumes of water is almost 

impossible. However, it has been reported that the process efficiency is reduced when the 

catalyst is fixed and for the same catalyst loading slurry reactors are more effective than 

fixed systems (Alfano et a i ,  2000). TiO: thin films are prepared by coating a substrate 

with a TIOt sol by different techniques such as chemical vapour deposition, chemical spray 

pyrolysis, electrodeposition and sol-gel method. This method is also suitable for deposition 

on a wide variety of substrates like stainless steel plates, alumina plates and silica and glass. 

A number of researchers have used Ti02 to enhance the batch solar disinfection process 

(Salih, 2002; Watts, 1995; Matsunga, 1995; Huang, 2000; Ibanez, 2003; and Dunlop et a i, 

2002) in both suspended and fixed forms.

Salih (2002) conducted a series of experiments to determine the affect o f Ti02 on the solar 

disinfection process; Ti02 was used in both suspended and immobilised form. Both 

applications improved the efficiency of solar disinfection although the suspended form was 

more successful with an enhancement factor of 1.62 as opposed to 1.34 for the immobilised 

form.
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Rincon and Pulgarin (2003) carried out experim ents using 50m l bottles and E. coli to 

exam ine the efficiency both o f fixed/suspended TiOa as well as different form s o f Ti02. It 

was reported that T iO i fixed on Nafion m em branes inactivated E. coli with efficiencies 

close to that observed for bacterial suspensions containing the same am ount o f suspended 

Ti02. The radiation dose necessary for the total inactivation decreased by increasing the 

fixed T iO i concentration. Using suspended catalyst the highest photocatalytic efficiency 

was obtained for D egussa P-25 (rutile) com paring that o f com m ercial Bayer and Aldrich, 

which contain an anatase form.

Ibanez et al. (2003) showed the com plete destruction o f E. coli, P. aeruginosa, E. clocae 

and S. Typhim urium  using batch process solar disinfection with suspended TiOo. 

Experim ents were perform ed under sim ulated solar radiation with a concentration o f 0. lg/1 

TiO ..
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CHAPTER 3

M a t e r ia l s  a n d  M e i h o d s



3.1 Introduction
The objective of the following section is to discuss the m aterials and m ethods used 

during this project, including:

i. The principles of solar collector systems and modifications used in order to 

harness collector systems for solar disinfection purposes.

ii. A description of the solar disinfection reactors used during this process

iii. A description of the laboratory, analytical and statistical methods used during 

the course of this project.

3.2 Principles of Solar Collectors
3.2.1 Introduction

Solar reactor technology is that which efficiently collects solar photons and enters them 

in a suitable reactor to promote specific reactions. The equipm ent that does this is 

called a solar collector and has much in common with those used for solar thermal 

applications. As a result water detoxification systems and reactors have followed 

conventional solar thermal collector designs such as parabolic troughs and non

concentrating collectors (Blanco and Malato, 2002). Then the designs diverge as:

• Fluid must be exposed to solar UV radiation and therefore the absorber must be 

UV transparent.

• No insulation is required, as systems tend to concentrate on solar UV effects 

rather than temperature effects.

Traditionally solar collector systems have been classified into three types depending on 

the level o f concentration attainable in the system (M alato et al., 2004):

•  Non-concentrating collectors, up to 150°C

• M edium -concentrating collectors, from 150-400°C

• High-concentrating collectors, over 400°C

Non-Concentrating Collectors are static and have no solar tracking. They are usually a 

flat plate aimed at the sun under a specific tilt. Their main advantage is their low-cost 

and simplicity.

M edium-Concentrating Collector? concentrate sunlight between 5 and 50 tim es and 

solar tracking is required. Parabolic trough collectors (PTC) and Fresnel lenses are in 

this group. PTCs have a parabolic reflecting surface which concentrates the radiation
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on a tubular receiver located in the focus o f the parabola. They can be one-axis 

(azim uth or elevation) or two-axis (azimuth and elevation) tracking. Fresnel lens 

collectors consist o f refracting surfaces sim ilar to convex lenses, which deviate the 

radiation at the same tim e that they concentrate it into a focus.

High-Concentrating Collectors have a focal point instead of a linear focus and are based 

on paraboloids with solar tracking. They have concentration ratios o f up to 1000. 

Parabolic dishes and solar furnaces are examples o f high concentrating collectors 

(CIEM AT, 2005).

Concentrating reactors have two major disadvantages compared to non-concentrating 

ones. The first is their inability to concentrate diffuse solar radiation, this is not 

im portant for thermal applications because it is only a small fraction of total solar 

radiation. However, during the detoxification of water it is the UV fraction of the solar 

spectrum that is required and since this is scattered by cloud cover as much as 50% can 

be diffuse. As non-concentrating solar collectors can make use o f both direct and 

diffuse UV radiation their efficiency can be higher (Blanco and M alato, 2002). The 

second disadvantage o f concentrating collectors is their complexity, cost and 

m aintenance requirements that makes them unsuitable for use in developing countries.

3.2.2 Parabolic Trough Collectors

Solar photoreactors for detoxification purposes were originally designed for use in line- 

focus parabolic trough concentrators. There are two types o f PTC; one axis tracking 

parabolic trough and two-axis tracking parabolic trough. The first engineering scale 

photoreactor for detoxification purposes was developed in the late 1980s in the US 

using one-axis PTCs and the second in Spain using two-axis PTCs. Both consisted of 

hundreds of square metres of collecting surface used for water detoxification using 

photocatalysis.

Tw o-axis PTCs consist o f several parabolic trough collectors with the absorber in the 

focus. They are controlled by a two-axis tracking system, thus, the collector is always 

perpendicular to the solar rays, which are reflected by the parabola onto the reactor tube 

at the focus through which the contaminated water to be detoxified circulates. O ne-axis 

PTCs have a one-axis tracking system, as shown in Figure 3.1.

PTCs make efficient use o f direct solar radiation as well as producing thermal energy, 

giving the possibility that the phenomena could be used in parallel. The com bined UV 

and thermal effect could also have a positive effect on the inactivation rate, which will
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be discussed further in Section 7. However, their mechanised nature make maintenance 

costs a consideration when proposing such a collector for use in developing countries.

TIm Stalar bir 
aliMig lu  ««)« 

IIM hlntl Mm  t(«n

r

Figure 3.1: Solar ray reflection on a one-axis parabolic trough collector (CIEMAT, 

2005)

3.2.3 Non-Concentrating Collectors

Non-concentrating collectors are less expensive than PTCs for a number of reasons; 

they have no moving parts or solar tracking devices, manufacturing costs are cheaper 

because their components are simpler which in turn means they have lower maintenance 

costs (Blanco and Malato, 2002).

A wide number of non-concentrating solar reactors have been developed for solar 

detoxification applications:

• Trickle-down fla t plate, a tilted plate facing the sun over which the water to be 

treated falls slowly

• Free-falling film , same as the trickle-down flat plate but with a higher flowrate 

and open to the atmosphere

• Pressurised fla t plate, consists of two plates between which water circulates

• Tubular, consists of many small tubes connected in parallel

• Shallow Solar Ponds, used as combined solar/microbiological treatment scheme.
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3.2.4 Compound Parabolic Collector.^

Com pound Parabolic Collectors (CPCs) are low concentrating collectors that are 

traditionally used in thermal applications. They com bine the properties of both 

parabolic concentrators and static flat systems. They can concentrate radiation but they 

are static and collect diffuse radiation. CPCs have a reflective surface following an 

involute around a cylindrical reactor tube. Almost all UV radiadon arriving at the CPC 

aperture area can be collected and is available for the process in the reactor as shown in 

Figure 3.2 below.

Figure 3.2: Reflection at a CPC surface

The light reflected by the CPC is distributed around the back of the tubular photoreactor 

illum inating most o f the reactor tube circumference. Due to the ratio of CPC aperture to 

tube diameter, the incident radiation on the reactor is very sim ilar to that o f a non

concentrating photoreactor (i.e. the concentration ratio is one) but the perform ance is 

close to that of the simple tubular photoreactor, as the reactor tube circum ference is 

illum inated (Blanco and Malato, 2002).

The design of the CPC reflector is based around its angle o f acceptance, 20^. The angle 

o f acceptance is the angular range over which all rays are accepted i.e. the angular range 

over which the rays are reflected to the absorber. H alf acceptance angles are constant 

for any particular design, with optimum angles between 60° and 90°.

Any point S on the reflector is defined by its distance p=RS from the point R on the 

absorber surface. R is the point of contact of the tangent RS to the absorber circle. 

Thus, point S is also defined by the angle 0, which produces the tangent point R on the 

circle as well as the radius of the absorber, r. The CPC is designed so that RS is equal 

to the arc length AR along the circumference of the absorber. W ith the origin at the
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centre of the absorber, the coordinates of point S (any point on the CPC reflector) are 

given by:

where

and

X = rSin 9  -  pCos 9  

y -  - rC o s9  -  pSin9

p =  r9

9 + 9,, + "^^-Cos{9-dJ

for \9\ < 9  +
n

(3.1)

(3.2)

(3.3)

7t I ^1 '̂ Tt
for6i„ + - < | ^ | < — (3.4)

\ ^ S i n { 9 - 9 ^ )

with Oa and 0 measured in radians. The acceptance angle is defined as the angle through 

which a source of light can be moved and still converge at the absorber. For a CPC 

with a half acceptance angle of 90°, the angle of acceptance, 20a=18O°, this means that 

the collector accepts rays over an angular range 180° and is thus able to make this 

energy available to the absorber.

Figure 3.3; Obtaining CPC involute (CIEMAT, 2005)
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The concentration ratio (CR) o f a CPC is given by:

C = (3.5)
S ind  2jcr J ld

where Aap is the aperture area and is the measure o f the width o f the aperture, therefore, 

the term C is dimensionless.

W hen 0a=9O°, CR=1 and every CPC curve is an ordinary involute. W hen this occurs all 

the UV radiation that reaches the aperture area can be collected and redirected to the 

reactor (CIEMAT, 2005). This wide acceptance angle allows the reflector to direct both 

direct and diffuse sunlight onto the reactor with the additional advantage that these wide 

acceptance reflectors allow alignment errors of the absorber tubes. In direct sunlight 

wavelengths from 285-385nm comprise of only 2-3% of the energy whereas they make 

up 4-6% of combined diffuse and direct sunlight.

3.2.5 Reflector Surface

M aterials that capture more than 50% of the incident light energy are classed as 

absorbers; those that reject more than 50% of the incident light are considered 

reflectors. Theoretically in perfect specular type reflection each ray (photon) in effect 

bounces off the material surface w'hole and intact i.e. the angle of incidence equals the 

angle o f reflection. Most hard polished surfaces are primarily specular in nature. 

Aluminium, silver, gold and copper are the most optically useful specular materials. 

Diffuse surfaces diffuse or scatter light incident from any angle and reflect it throughout 

a complete hemisphere in generally a cosine pattern according to Lamberts Law (1760). 

This pattern is produced submicroscopically by surface irregularities smaller than the 

wavelength of light.

Spreading  surfaces break up the incident beam into a broadened reflected pencil o f light 

through limited predetermined angles i.e. spread reflection is a com bination o f diffuse 

and specular reflection. By impressing or moulding carefully designed patterns it is 

possible to control the spread of light in any desired m anner (Young and Freedm an, 

1999).
Spread Specular DilTiisc

Figure 3.4: Types o f Reflection
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In the case of solar applications the optical quality requirem ents of the reflective surface 

is related to the concentration required by the particular application. The higher the 

concentration desired the stricter the requirements for quality o f param eters and the 

m ore specular the desired effect. This is an im portant factor o f low or non

concentrating systems since lower quality requirem ents translate into lower 

m anufacturing costs (CIEM AT, 2005) although there is a trade o ff between specular 

quality and the size of the reactor as the more solar radiation that is reflected the more 

efficient each square m eter o f reflector and therefore the size of the reflector could be 

reduced.

H ow ever the majority o f  solar detoxification processes require a highly reflective 

m aterial in the UV range of the spectrum. Silver, most commonly used for the 

fabrication of conventional mirrors, is not a valid option since its efficiency is very low 

in the UV range (M alato et at., 2005). Aluminium is the only metal surface that is 

highly reflective throughout the UV spectrum. Reflectivities are approximately 92% in 

the range 280nm to 385nm, whereas silver reflects only 25% at 280nm, (CIEMAT, 

2005), see Figure 3.5 below.
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Figure 3.5: Reflectivity o f different materials in the UV Range (CIEM AT, 2005).

The ideal reflective surface for solar detoxification applications must have high 

reflectivity in the UV range but must also have acceptable durability under outdoors 

conditions and be reasonably priced. At the present time the solution considered most 

suitable for detoxification purposes is based on anodised and electropolished
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aluminium. Surfaces as alum inised plastics have been developed which may be weather 

resistant but lack of rigidity means that they m ust be attached to a rigid substrate.

The anodised process consists o f creating a thin layer of aluminium oxide (AI2O 3) on 

the electrolytically deposited alum inium . Fend et a i ,  reported that the reflectivity of 

standard anodised aluminium was only reduced by approximately 15% after exposure to 

solar radiation for 15 months in a cold and hum id climate (where decreases are most 

significant). However, specular reflectance values decreased dramatically enabling the 

material to be used only in non-concentrating systems such as CPCs (Fend et al., 1998). 

Thicker oxide layers (up to 50|am) are usually specified when anodised aluminium is 

intended for marine applications but this results in considerably lower reflectance. An 

interesting altem ative is to cover the aluminium with a protective acrylic lacquer 

(resistant to corrosion). In both cases a com prom ise between outdoor resistance and 

UV reflectance must be achieved.

3.2.6 Tubular Absorber Materials

The tubular reactor must contain a working fluid and must transm it UV radiation 

efficiently. The selection of materials, which is both highly transm issive to UV light 

and resistant to its destructive effects, is limited.

Quartz has an excellent UV transm ittance and chemical resistance but its high cost 

makes it unfeasible for low-cost applications. Fluoropolymers can only support low 

pressures due to their lack of rigidity; therefore the thickness o f their walls has to be 

increased with a subsequent loss in transm ittance (CIEM AT, 2005).

Glass is a natural altem ative for photoreactors but is unsatisfactory due to its iron 

content which absorbs UV radiation. An additional negative effect called “ultraviolet 

solarisation” is caused by a change in valence o f certain polyvalent ions that are present 

in the glass. Solarisation is a loss in transm ission observed upon irradiation o f glasses 

caused by impurities such as iron and manganese (M alato et a i ,  2005). Defects are 

form ed in the glass and often cause high absorbance in the UV and visible range 

(M onke and Ehrt, 2004). One way to reduce this is to introduce 0.1% of Si in the glass 

m elting process.
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Figure 3.6: Transmissivity o f different m aterials suitable for m anufacture of 

photoreactor tubes.

As a result only low-iron glass such as borosilicate (Pyrex® and Duran®) is appropriate 

for reactors. A study by Blanco et al. (1999) com pared different borosilicate glasses of 

varying iron oxide content (from <1 mg/kg to standard 250 mg/kg Fe^Oj). UV 

transm issivity in the critical range between 300 and 400nm increased as the iron oxide 

content decreased as shown in Table 3.1. Solarisation experim ents performed under 

artificial solar radiation showed that almost no solarisation occurred in extrem ely pure 

glass (Fe'’  ̂<1 mg/kg) whereas the UV-transmissivity o f  the other types decreased.

Iron Content (Fe^^), mg/kg Transmissivity (300-400nm), %
0 91

50 88
100 84.5
150 83.5
200 81
250 80

Table 3.1: Transmissivity o f borosilicate glass with different Fe^^ content (Blanco et al., 

1999)
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3.3 Description of Solar Reactors
3.3.] Introduction

During the course of this project five different continuous solar reactors were used in 

order to com pare reactor efficiency under a number of conditions. Batch process 

experim ents were also carried out using Duran® bottles. The following section 

describes all the reactors used.

3.3.2 Small-Scale Continuous Flow Reactors (operated in batch mode)

Four different small-scale reactors were used during this project each consisting o f a 

reflector, tubular absorber, pump, reservoir and connectors. The reactors were static, 

non-tracking recirculating systems each having a different reflector profile; Com pound 

Parabolic, Parabolic and V-groove. A non-reflecting reactor was also used in order to 

assess the benefits o f using reflector systems. The profile of each reflector is shown in 

Figure 3.7 below. Reflectors were fabricated by milling a block of aluminium into the 

required shape and polishing the surface. Calculated aperture areas for the Com pound 

Parabolic, V-groove and Parabolic reactors were 0.057m “, 0.057m “ and 0.042m" 

respectively.

Each reactor had six 250mm long absorber tubes mounted at its centre. The non- 

retlecting reactor consisted of the six similar absorber tubes mounted above a flat matt 

black surface. Reactor shapes were chosen so an assessment could be made between 

the efficiency of shapes which were easy to fabricate and subsequently less costly (V- 

groove) and those of a greater reported efficiency but with a greater associated 

fabrication cost (Compound Parabolic).
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Figure 3.7:Reflector profile for the (a) Compound Parabolic, (b) Parabolic and (c) V- 

groove reactors.

Figure 3.8: Schematic o f the three reactors and their solar reflection capacities
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The specular reflectivity o f the milled aluminium collectors is shown in Figure 

below. Sample A is a coated aluminium sheet, similar to that used in the pilot-scak 

reactor described in Section 3.3.3 (the coating causes the sinusoidal reflectance), sample 

C is the polished milled aluminium used for reactor fabrication and sample B is an 

unpolished aluminium sample. It should be noted that this is a plot o f speculai 

reflection at the wavelengths shown and diffuse reflectivity is not accounted for.

•  • • f  Reflectivity 300nm - 400nm •^  — Ay

*  ,  „  V  Sample A

Reflectivity 300nm - 400nm

cc Sample C

- .. y . Sample B

300 320 340 360

Wavelength (nm)

360

0^9

400

Figure 3.9: Reflectivity o f M illed Aluminium in the 300nm-400nm range.

Absorber tubes were 250mm long borosilicate glass tubes o f 9.6mm diameter mounted 

at the focal point of each reactor aperture. The tubes were connected using PVC tubing 

and then the system was connected to a centrifugal pump and small reservoir. A 

schematic o f the system is shown in Figure 3.10.

Solar Disinfection Reactor

vSAŜ AOaOa^AS/

▼

A

ReservoirPump

Figure 3.10: Schematic o f the Solar Disinfection Reactor.
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A photograph o f the small-scale reactors exposed to natural solar radiation is presented 

in Figure 3.11 below.

Figure 3.11: Two Small-scale solar disinfection reactors exposed to natural solar 

radiation at PSA.

The reactors were configured as recirculating systems with a total volume o f one litre. 

3.3.3 Pilot-scale Reactor

The pilot-plant system used for this research was located at Plataform a Solar de 

Almen'a, southern Spain and consisted o f a Compound Parabolic Collector with eight 

Pyrex tubes aligned in an east-west direction. W ater was recirculated through a 

reservoir via a centrifugal pump. The CPC aperture was tilted to the same angle from 

the horizontal as latitude (37°) for the experim ents in order to maximise sunlight 

capture. The characteristics of the reactor are presented in Table 3.2 below along with a 

photograph o f the reactor in Figure 3.12.

Pilot Plant
Total Volume 
Illuminated Volume 
Collector Aperture Area 
Inner Diameter o f Tubes 
Flow rate

35 litres 
22.4 litres 

3.08m“ 
29.4mm 

20 litre/min

Table 3.2: Pilot scale Reactor Characteristics
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Figure 3.12: Pilot scale reactor located at Plataform a Solar de Alm ena.

3.4 Solar Radiation Sources and Measurement

3 .4 .1 Simulated Solar Radiation

During sim ulated solar radiation laboratory experim ents the reactors were placed 

directly underneath a lOOOW solar simulating xenon arc lamp (Model 91190-1000W  

Large Area Light Source, Oriel Corporation, Stratford, CT, USA). An ellipsoidal 

reflector surrounds the lamp and collects over 70% o f the output. This radiation is 

focused onto an optical integrator which produces a uniform diverging beam which is 

deflected 90° by a m irror to a final collimating lens. The output is a uniform collim ated 

beam. The lamp has a short cut-off at 260nm and was fitted with an air mass 1 filter 

(AM 1 Direct Filter Set P/N 81074 + 81011, Oriel Corporation, Stratford, CT, USA), 

which simulates the equatorial solar spectrum at ground level when the sun is directly 

overhead. In the laboratory, radiation measurements were made using an optical pow er 

m eter (model 200/10+, Coherent, Cambridge, UK). D uring these experim ents 

sim ulated solar UV radiation intensities were kept at 31.59 W/m^ (+1), which 

corresponds to a sunny noon in southern Spain. Figure 3.13 below shows the output of 

the solar simulator normalised to match the CIE (Commission Internationale de 

L ’Eclairage) standard curve (Lot-Oriel).
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F igure  3.13: O utput o f  O riel Solar S im ula to r norm alised  to m atch the C IE  standard  

curve.

A  schem atic  o f  the lOOOW sim ulator is p resented  in F igure 3.14. D uring experim en ts 

the  so la r reactor w as p laced directly under the beam  o f the sim ulato r w ith the 

connecto rs and reservoir kept in the dark  throughout.

Solar Simulator

Dark Zone

Solar Reactor

Reservoir
+ pump

F igure  3.14: Schem atic R epresentation  o f lOOOW S olar S im ulation  A pparatus.
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During batch experiments the water temperature in the bottles was kept constant at 20°C 

by a waterbath. During all other experim ents temperature was m onitored were with a 

therm ocouple-based digital therm om eter (Checktemp 2; Hanna Instrum ents) at the 

system ’s reservoir.

During Light/Dark ratio experiments the lamp shutter was opened and closed by using a 

signal generator (TTi-TGA1241, 40M Hz arbitrary waveform generator, which produced 

a pulsed signal in order to open and close the shutter at required time intervals.

3.4.2 Natural Solar Radiation

(a) Plataform a Solar de Almeria, Spain

Experim ents performed under real solar conditions were carried out at Plataform a Solar 

de A lm eria in southern Spain during June and July 2003 and M ay 2004. Reflector 

apertures were tilted to the local latitudinal angle (37°) to maximise sunlight capture and 

positioned so that the tubes were aligned in an east-west orientation (see Figure 3.15). 

Solar radiation m easurem ents at Plataforma Solar de Almeria were made using a 

300nm -400nm  broadband UV radiometer (CUV3 Kipp and Zonen, N etheriands) located
*> ~f

on site with an average global UV intensity 34W/m" (std. dev.= 2 .33W /m ') during the 

trials.

Solar Rcactor

Reservoir
37 “

Figure 3.15: Schematic o f Solar Reactor angled at 37° for use at PSA in Southern Spain
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(B) Trinity College, Dublin, Ireland

Experim ents were carried out on the roof o f the Civil Engineering Building at Trinity 

College in Dublin. The reactors were set up in exactly the same way as at PSA but were 

angled to the local latitude (53°). Solar radiation m easurements for the area were 

obtained from Met Eireann (solarim eter and Campbell-Stokes sunshine recorder). The 

average global UV intensity during the trials was ~20W /m“.

3.5 Photocatalytic Media
3.5.1 Introduction

Titanium  dioxide (Ti02) was used as the photocatalyst in these experiments. The 

photocatalyst was prepared in three different ways as described below. Typically, 

photocatalysts are added into the process liquid as a suspension which has proved 

successful in several applications such as the breakdown of persistent organic 

com pounds (Konstantinou and Albanis, 2003 ; Malato et al., 2002a). However, this is 

not considered to be a particularly attracdve solution for a small-sale rural water supply 

system in a developing country since the TiOi will require some form o f separation and 

recovery process at the end o f the solar reactor before the water is suitable for 

consum ption. Hence, this research has also looked at the concept of coating small 2mm 

diam eter glass rods with TiO^ which are then fixed along the centre of each reactor tube 

as well as fixing a TiOi coated paper inside the reactor tubes.

3.5.2 T1O2 Slurry

The appropriate mass of P-25 (Degussa) TiOa (anatase:rutile=3.1; surface area 50m"/g; 

non-porous particles) was pre-suspended in 200ml of distilled water and autoclaved to 

ensure sterility. The TiO i was then added to the solution in the reactor to obtain a 

uniform concentration at the desired amount (3, 6, 9 mg/1). The water in the reactor was 

then circulated for an adequate time to ensure a complete mix o f the photocatalyst.

3.5.3 Fixed T1O2 (Glass)

A  stable coating of P25 TIOt onto the glass rods was achieved using the following 

technique. The rods were inirially rinsed with distilled water and then placed into a ja r  

filled with 1% detergent solution which was sonicated for 15 minutes. They were then 

rinsed with distilled water again and sonicated for a further 15 minutes. This step was 

repeated three times. The rods were then dried in an oven at 105°C before being
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weighed. A 1% solution o f Degussa P-25 TiO: was prepared with distilled water and 

sonicated for 15 minutes. Each rod was swirled in the TiO : solution until coated. The 

rods were then placed into an oven for 10 minutes until the layer dried. This step was 

repeated fifteen times to ensure an adequate coating. The rods were then annealed at 

250°C overnight. The rods were fixed into position at the centre of the Pyrex tubes with 

very thin wire supports at each end before exposure to sunlight in the tests as shown in 

Figure 3.16.

3.5.4 Fixed Ti02 (Paper)

The T i02 paper was a commercially available product from Ahlstrom®. The paper 

consisted of Degussa P-25 coated on glass fibre paper (synthetic fibres, 2mm thick) 

using an inorganic binder. The binder was an aqueous dispersion o f colloidal Si02 and 

after washing the TiOi component was 19.3 g/m".

The paper was wrapped around 2mm glass rods and fixed into the centre o f the reactor 

tubes using thin wire again before exposure to sunlight as shown in Figure 3.16.

A b so rb er
T ube

G lass R od

W ire

TiOj
C oating

Figure 3.16: M ethod of Fixing T iO i Coated Rods into the A bsorber Tubes.
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3.6 Bacterial Preparation
3.6.1 Introduction

The heterotrophic plate count (HPC) is a method for estimating the number of live 

heterotrophic bacteria in water and measuring changes during water treatment. 

Colonies may arise from pairs, chains, clusters or single cells all of which are included 

in the term colony forming units (CFU). The spread plate method was used throughout 

the experiments described in the thesis. This method causes no heat shock and all 

colonies are on the agar surface where they can be easily distinguished from particles 

and bubbles (APHA, 1999).

3.6.2 Preparation o f Media

Luria Bertani (LB) broth, containing Tryptone, yeast extract and NaCl in the ratio 1.0 : 

0.5 : 1.0 by mass and adjusted to pH 7.0 was used as the culture medium for all bacteria. 

25g of broth was dissolved in 1 litre of deionised water and the solution was shaken 

until the powder had dissolved. The solution was autoclaved in order to eliminate any 

contaminants and then transferred to sterile 50ml centrifuge tubes. Prepared tubes were 

stored at 4°C and used within one week of preparation.

Luria Bertani Agar, containing Tryptone, yeast extract, NaCl and agar in the ratio 1.0 : 

0.5 : 1.0 : 1.5 was used as the plate medium for all experiments. The agar was prepared 

in deionised water and autoclaved before pouring. 25ml of the solution was poured into 

sterile Petri dishes and dried in a laminar flow chamber at room temperature. Plates 

were stored at 4°C and used within three days of preparation.

3.6.3 Preparation of Bacteria

Discrete colonies of an Escherichia coli K-12, {E. coli K-12), (or Salmonella 

Typhimiirium) streaked plate were transferred to 50ml of sterile LB broth and incubated 

statically at 37°C for 18 hours to yield a stationary phase culture. The culture w'as 

centrifuged at room temperature at 3000rpm (855 x g) for 12 minutes. The supernatant 

was discarded and the pellet was resuspended in 50ml of sterile water and recentrifuged. 

This process was repeated twice to ensure the removal of all trace nutrients. Finally the 

pellet was resuspended in a total of 5ml of sterile water, diluting the pellet to a 

concentration of ~ lx  lO'^CFU/ml. The required concentration for each experiment was 

prepared by adding the desired amount of this solution to the required amount of sterile
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w ater e.g. 1ml added to llitre  o f sterile w ater to achieve an initial concentration of Ix 

10* CFU/ml.

3.6.4 Bacterial Enumeration

The standard plate count method was used in all experim ents. Samples were taken at

discrete time intervals and appropriate serial dilutions were carried out in sterile water.

20 |jl o f diluted was dropped onto a dried sterile plate in duplicate (see Figure 3.17).

Plates were left at room temperature for the duration o f each experim ent and then

incubated at 37°C for 18 hours. M ore than 50 colonies per drop were deemed

unacceptable, as colonies were too close to each other to be distinguished. Therefore a

higher dilution was used in such cases. The total count was converted to colony

form ing units per ml (CFU/ml) using equation (x) below.

A + B '

2

Less than 10 colonies per drop were also unacceptable for statistical reasons. In such 

cases, 250 |j 1 o f the sample was transferred to a plate using the spread plate technique. 

The colonies were counted after incubation and multiplied by four to convert to 

CFU/ml.

x 5 0 x  Dilution  = CFU  / ml

Figure 3.17: Agar plate with E. coli K-12 colonies: dilutions o f 10 “ and 10'^ shown
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3.7 Determination of Inactivation Kinetics
3 .7 .1 Calculation o f  Decay Constants

F irst o rder decay  constan ts w ere calcu la ted  accord ing  to  the standard  p rincip les o f  

d isin fection  k inetics (Eq. 3.6) based on the exponen tia l decline o f  o rganism s, as 

described  by C h ick ’s Law  (C hick, 1908).

w here :

Nt = num ber o f  viable organism s at tim e, t 

No = num ber o f  viable organism s at tim e zero 

k = inactivation  rate constan t 

t = tim e 

R earranging:

T herefo re , a plot o f  In (Nt/No) versus tim e should resu lt in a straight line w ith slope

3.7.2 Calculation o f  Illumination Time

D uring  the experim en t the w ater recircu la tes th rough the reac to r in to  the reservo ir 

w hich  is effectively  a dark  zone. Illum inated  tim e can  be ca lcu la ted  as the volum e 

in side  the reacto r as a function  o f total system  volum e.

V,„,ai = 1 litre 

Viiium = 0 .19251 itre  

Vdark = 0.20751itre 

Vres =0.60001itre

T herefo re , the experim ental tim e m ultip lied  by 0.1925 is  the am ount o f  tim e each  

sam ple  spends exposed  to  the solar rad ia tion . F or exam ple , during  one hou r o f 

experim en ta l tim e, the total exposure tim e (illum ination  tim e) is 1 1.55m in.

Inac tivation  constan ts have also  been calcu la ted  as a function  o f  illum ination  tim e, 

substitu ting  t in Eq. 3.7 for tjnum to give,

—  =  - k N  - ^ N , =
dt

(3.6)

(3.7)

equal to  k (m in '). E xperim ental rate constan ts w ere calcu lated  by linear regression.

(3.8)
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Therefore, a plot of In (N , /N o )  versus illum inated time should result in a straight line 

w ith slope equal to k (min ').

3.7.3 Calculation o f Dose

Calculation o f inactivation kinetics using experimental time or illumination time mask 

the fact that the solar intensities in natural sunlight are continually changing due to 

varying cloud cover and tim e of day. In order to take this into account the cum ulative 

irradiated UV energy received per litre of sample was calculated as per equation 3.9 

below (M alato et a i,  2002a).

Quv, "  y  ~ K - \
Vj.

w here :

Quv, n, Quv.n-i = cum ulative irradiated UV energy received per litre o f  sample at 

tim es n and n-1

Atn = time interval between two sampling times 

U V gn = average incident radiation on the irradiated area

A = irradiated area 

Vt = total circulating volume

Therefore, a plot o f In (Ni/No) versus Q (kJ) should result in a straight line with slope 

equal to k (kJ ').

W hile comparing different reactors a modification of Equation x was used to take into 

account the varying area o f the reflectors i.e. the Parabolic reflector has a smaller 

irradiated area than the Com pound Parabolic or V-groove reOector. The area term in 

the equation was modified to the absorber area, which is equal for all reactors so a % 

enhancem ent for each reflector could be calculated (Eq. 3.10).

a.. Ar„ (3.10)
V.f

where :

Q auv ,  n. Qauv,n-i == C um ulative irradiated UV energy received  per litre o f sam ple  

at tim es n and n-1

Atn = time interval betw een two sampling times

U V gn = average incident radiation on the irradiated area

Aa = absorber area

Vt = total circulating volume
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A g a in  a  p lo t  o f  In (Nt/No) versu s  Qa (k J )  sh o u ld  re su l t  in a  s t ra igh t l ine w ith  s lope  equa l  

t o k ( k j ' ) .

W h i le  c o m p a r in g  d if fe ren t  re ac to rs  w i th  d if fe ren t  e x p o s u re  t im e s  a  m o d i f i c a t io n  o f  Eq. 

3 .1 0  w a s  used  to  tak e  in to  a c c o u n t  th e  v a ry in g  a re a  o f  th e  re f lec to rs  a n d  the  d i f fe re n c e  

in  i l lu m in a t io n  t im e  i.e. the  sm a l l - s c a le  reac to rs  h a d  a d if fe ren t  i l lu m in a t io n  t im e  to  the  

p i lo t - s c a le  re a c to r  (Eq. 3 .11).

n  — n  -i- A/ = 1 — t (3 .11 )
^ a i l t i i m U V „  w  n H h i m  " i t t i u n  " i//.™ -1

V-f.

w h e re  :

Q a i i i u m u v ,  n, Q a i i i u m u v . n - 1 = c u m u la t iv c  ir ra d ia ted  U V  e n e rg y  re c e iv e d  p e r  litre o f  

sa m p le  at t im e s  n and  n-1

Atniiium = t im e  in te rva l b e tw e e n  tw o  s a m p l in g  t im es  

U V g n  = a v e rag e  in c id e n t  rad ia t io n  on  the  i r ra d ia te d  area

Aa = a b so rb e r  a rea

V j  = to tal c i r c u la t in g  v o lu m e  

A  p lo t  o f  In (N |/No) versus  Q aii iu m  (kJ) sh o u ld  re su l t  in a s tra igh t  l ine w ith  s lo pe  eq ua l  to  

k (k j  ').
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CHAPTER 4

S i m u l a t e d  S o l a r  R a d i a t i o n



4 . 1  I n t r o d u c t i o n

The aim of these preliminary studies was to

i. Investigate the effect of flow regime on the solar disinfection process

ii. Com pare the effect o f different solar intensities on the solar disinfection process

iii. Assess the use o f Escherichia coli K-12 as an indicator with comparison to the 

more resistant organism  Salmonella typhimurium.

iv. Com pare the effect of using glass tubing against pyrex tubing as the pipe 

material in a solar reactor

V. Assess the difference in inactivation rate between batch and continuous flow

disinfection (operating in batch mode) processes.

Throughout these experim ents the parabolic collector was used to compare the different 

parameters. All tests were perform ed at the Royal College o f Surgeons, Ireland using 

the lOOOW Xenon arc solar sim ulator as described in Section 3.4.1.

4 . 2  F low  Regime

4.2.] Introduction

The purpose of these experim ents was to investigate the effect o f different flow regimes 

on the solar disinfection process. Flow regimes are classified by Reynolds (Re) 

number, which is defined as:

where p is the mass density o f the liquid (kg/m^), v is its mean velocity (m/s), n its 

dynamic viscosity (kg/ms) and D (m) is the diam eter of the pipe. By calculating the 

dim ensionless Reynolds num ber o f the flow its nature can be determined.

For water in pipes;

Lam inar flow: Re < 2000

Transitional flow: Re = 2000 to 4000

Turbulent flow: Re > 4000

In laminar flow viscous effects dominate and all o f the stream lines are parallel to each 

other; the flow is very smooth, uniform and steady. In turbulent flow the streamlines 

are random and the flow is uneven, such that at any particular point in the pipeline, the 

velocity fluctuates from one instant to the next. This allows for com plete mixing o f the 

fluid within the pipe. Between lam inar and turbulent flow there is an ill-defined 

transition region (Hamill, 2001). The turbulent flow regim e has been used in all
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research previously carried out in continuous flow solar disinfection (Acra et al, 1989, 

Vidal and Diaz, 2000, Rincon and Pulgarin, 2004). This allows for com plete mixing of 

the solution within the pipe and an even distribution o f solar radiation to all bacteria. 

The advantage of using laminar flow would be that in a full scale single pass system the 

slow er the flow the shorter the system would need to be to achieve the required solar 

UV dose as pipe diam eter could be much larger.

4.2.2 Experimental Set-up

The flowrate in the parabolic reactor was controlled by m eans of a valve. Three 

different tlow rates were tested, each corresponding to a different flow regim e. The 

flowrates, velocities and corresponding Reynolds numbers are shown in Table 4.1 

below. The volume of water in each case was kept constant, each test using one litre of 

sterile water inoculated with a 1x10* CFU/ml concentration of E. coli K-12. All tests 

were carried out using simulated solar radiation in the laboratory using the lOOOW 

Xenon arc lamp as described in Section 3.4.1, adjusted to give an optical irradiance of 

31W /m" simulated solar UV radiation, which corresponds to a total global radiation of 

900W /m “. Sampling was carried out every 15 m inutes with controls left in the dark 

throughout the experiment. The samples were enumerated as outlined in Section 3.6.4 

and inactivation kinetics determ ined as described in Section 3.7. All o f the tests were 

repeated at least four times.

Flow Regime Flowrate (1/min) Velocity (m/s) Re. no
Laminar 0.61 0.14 1180

Transitional 1.6 0.37 3119
Turbulent 2.2 0.51 4299

Table 4.1: Flow regime characteristics with their associated Reynolds numbers.

4.2.3 Re.sults and D iscm sion

Representative data from the laboratory trials using the parabolic reactor and three 

different flow regimes are presented in Figure 4.1. All plots show an average o f at least 

four experiments.
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Figure 4.1: Comparison o f Laminar, Transitional and Turbulent flow regimes plotted as 

(a) inactivation of E. coli K-12 against experimental time and (b) inactivation of E. coli 

K-12 against cumulative simulated solar UV dose, Q. The error bars represent the 

standard error of the mean.
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All experim ents showed at least a >3-log reduction of E. coli K-12 within the 120 

minute experimental time. Inactivation rate constants were calculated according to the 

standard principles o f disinfection kinetics (Section 3.6). The inactivation rate constant 

calculated for the turbulent flow regime was 0.07min ' (+0.03, 95% Cl), with sim ilar 

rate constants for the laminar, O.OSmin ' (±0.01, 95% Cl), and transitional, O.OVmin ' 

(±0.02, 95%  Cl), flow regimes. Inactivation rate constants were also calculated using 

the actual illumination time, as described in Section 3.7.2, as well as the cum ulative 

sim ulated solar UV dose, Q. These calculated inactivation rate constants are shown in 

Table 4.2 below. It should be noted that the differences between rate constants for each 

different flow regime was insignificant which could be due to the fact that the Reynolds 

num ber in all experim ents was still quite low.

Sim ulated solar UV doses required to achieve inactivation were sim ilar for the three 

flow regimes where 3.6kJuv/litre was required to achieve a 1-log reduction. The average 

w ater tem perature during these experiments was 28°C.

Flow Regime kg (kj ') k, (min ') k,ilium, (min ')

Laminar 1.13 0.08 0.44
Transitional 1.09 0.07 0.43

Turbulent 0.94 0.07 0.32

Table 4.2: Inactivation rate constants calculated using cum ulative simulated solar UV 

dose, experimental tim e and illumination time for the laminar, transitional and turbulent 

tlow  regimes.

The system was hydraulically analysed by RTD analysis, it is a continuous flow reactor 

operating in batch m ode with recirculation by pumping. In order to confirm  these 

characteristics and to assess the mixing capacity of each flow regime. Residence Time 

Distribution (RTD) analysis was performed by means of a tracer study. R hodam ine W T 

dye was added to the reservoir and the system was set running at one of each o f the 

three flowrates described above. The concentration of Rhodam ine was m onitored at the 

outlet from the reactor using a SCUFA (Self-Contained U nderw ater Fluorescence 

Apparatus) in order to assess the mixing capacity of the system at each flowrate. The 

results are shown in Figure 4.2 below. During the lam inar flow regim e experim ent 

com plete mixing occurred in 140 seconds whereas during the transitional and turbulent 

flow regime experim ents complete mixing of the Rhodam ine dye within the system 

occurred within 73 and 48 seconds respectively.
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Figure 4.2: RTD analysis results fo r (a) laminar, (b) transitional and (c) turbulent flow  

regimes w ith  plots showing Rhodamine concentration against time.

81



In this case the lower the flowrate the longer the volume of water will take to reach the 

reservoir per revolution i.e. during the turbulent flow regime experim ents the total 

volume has made more revolutions than during the laminar regime. In the design of a 

single-pass scaled-up system no reservoir will exist so the flowrate alone will determine 

the m ixing capacity o f the system so it would be preferable to design using a turbulent 

flow regime. It should also be noted that due to the tight bends in the connectors the 

flow is accelerated even in the lam inar or turbulent regimes. It was decided that the 

turbulent flow regime would be used for all the following experiments, as the mixing 

capacity of such a system would ensure that all organism s would receive an even dose.

4.3 Simulated Solar Intensity
4.3.1 Introduction

Solar intensity changes at different times of day as well as from region to region 

depending on latitude. The following set of experim ents were carried out to distinguish 

the disinfection rate at different solar UV intensities, thus, testing the applicability o f the 

process for different regions as well as identifying the disinfection kinetics at different 

tim es o f day. The concept o f dose and its applicability as a parameter to standardise 

solar disinfection is also discussed. UV dose is the product o f UV irradiance (incident 

intensity) and the tim e of exposure of the water to the radiation. The minimal dosage 

level for effective bacterial disinfection using artificial mercury vapour lamps (>3-log 

removal) is generally agreed as 16mW s/cm“ at the reference wavelength o f 253.7nm 

(specified by the US Departm ent o f Health). It is recommended that this dosage should 

be increased for other pathogenic organism s for example up to 58mW s/cm for B. 

Subtili.s spores (Twort et al., 2000). However, when using solar UV radiation there is 

no generalised standard dose as longer wavelengths are harnessed to cause microbial 

inactivation, but from the general principles of disinfection it would be expected that 

exposure to a high solar UV intensity for a short time would produce the same 

inactivation results as longer exposure at a low solar UV intensity.

4.3.2 Experim ental Set-up

Sim ulated solar intensity could be varied by adjusting the lOOOW Xenon arc lam p until 

the required optical irradiance was reached. Contam inated water was adm itted into the 

parabolic reactor and exposed to three different simulated solar intensities, 9.5Wuv/m", 

17.5Wuv/m“, 31.59Wuv/m^ which correspond to total global radiation intensities of
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270W/m“, 500W/m^ and 900W/m‘. The volume of water in each scenario was kept 

constant, each test using one litre of sterile (autoclaved) water inoculated with a 1x10^ 

CFU/ml concentration of E. coli K-12. The flowrate was kept constant at 2.8 litres/min 

i.e. a turbulent flow regime. Sampling was carried out every 15 minutes with controls 

left in the dark throughout the experiment. The samples were enumerated as outlined in 

Section 3.6.4 and inactivation kinetics determined as described in Section 3.7. All of 

the tests were repeated at least four times.

4.3.3 Results and Discussion

Representative data from the laboratory trials using the parabolic reactor and three 

different optical irradiances are presented in Figure 4.3. All plots show an average of at 

least four experiments.

Calculated inactivation rate constants are shown in Table 4.3 below for experimental 

time, illumination time and cumulative simulated solar UV dose. Inactivation at an 

optical intensity of 9.5Wuv/m“ showed only a 2-log reduction in the concentration of E. 

coli K-12 of the water sample during the two-hour exposure time, corresponding to an 

inactivation rate constant of 0.046min ' (±0.0135, 95%CI). Inactivation rate constants 

were found to be 0.062min ' (±0.0107, 95%CI), for an optical irradiance of 17.5Wuv/m" 

and 0.067min ' (±0.032, 95%CI) for an optical irradiance of 31.6Wuv/m“

'}

Intensity (W/m“) kg (kj ') k, (min ') k,ilium, (min ')
9.5 1.93 0.050 0.21
17.5 1.42 0.062 0.30
35.6 0.94 0.067 0.32

Table 4.3: Inactivation rate constants calculated using cumulative simulated solar UV 

dose, experimental time and illumination time for simulated solar intensities of 

9.5Wuv/m-, 17.5Wuv/m^and 31.6Wuv/ml
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F igure  4.3: C om parison  o f  th ree optical irrad iances, 9.5Wuv/m“, 17.5Wuv/m",

31.6Wuv/m‘ , plotted  as (a) inactivation  o f E .coli K-12 against experim en tal tim e (m in) 

and  (b) inactivation  o f  E .coli K-12 aga inst cum ulative sim ulated  so lar U V  dose, Q, 

(kJ/1).
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It can be seen from Figure 4.3(a) that almost identical bacterial inactivation kinetics
2  ^with respect to time occurred with optical irradiances of 17.5Wuv/m and 31.6W uv/m-,  

whereas exposure to 9.5Wuv/m“ produced a similar trend, while having a slower rate. 

From Figure 4.2(b) it can be seen that while the cum ulative simulated solar radiation 

doses (Eqt. 3.9) were obviously much lower for lower intensities the total log removal 

was also less for the samples exposed to an intensity of 9.5Wuv/m^during the tw o-hour 

experim ental time, which agrees with conventional UV disinfection theory. However, 

both the samples exposed to 17.5Wuv/m^ and 31.6W„v/m^ had an equal log removal (>3 

log) during the two-hour experimental time (the gradient o f the plotted lines (Figure 

4.3(b)) being different). This suggests that inactivation kinetics are sim ilar when 

samples are exposed above certain threshold irradiances or that the rate of inactivation 

is not linearly proportional to dose as can be seen when these results are plotted as 

inactivation rate against intensity (Figure 4.4). The inactivation rate increases sharply 

up to about 20Wuv/m" and the increase is much slower.
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I  0.062 
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Figure 4.4; Inactivation rate, k (experim ental time) plotted against intensity of exposure.

From these experiments it can be seen that there is not a lineal dependence between 

bacterial inactivation rate and light intensity. It can be seen from Figure 4.3(b) that the 

calculated inactivation rate calculated under low intensity (9.5W/m^) simulated solar

5 10 15 20 25 30 35

2
Intensity (Wuv/m )
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radiation is greater than those calculated for highe;r intensities. It has been reported that 

this non-linear relationship between light intensity and deactivation of bacteria during 

photocatalysis could be due to excessive ’OH rad:ical generation at high solar radiation 

intensities leading to self-recom bination (Rincon a,nd Pulgarin, 2003).

4.4 Comparison of Indicator Organisms
4.4.1 Introduction

No single organism can serve as an adequate in(dicator for all types of water and all 

routes o f exposure. Escherichia coli K-12 is th e  indicator organism used throughout 

this thesis, however, the experim ents described bellow compare the relative resistance of 

E. coli K-12 and Salmonella typhimurium  in order to assess the validity o f using E. coli 

K-12 as an indicator as well as determining if the  relative resistance stays constant at 

both low and high intensities.

4.4.2 Experimental Set-up

At the beginning of each experim ent 1 litre of w ater inoculated with either E. coli K-12 

or S. typhimurium  was adm itted into the reservoir o f the reactor. Initial bacterial 

concentrations were approxim ately lO^CFU/ml in all experiments. The water was 

recirculated within the reactor at 2.8 litres/min and exposed to the simulated sunlight for 

2 hours, with samples being taken at 15-minute intervals. Control samples were left in 

the dark throughout all experim ents to ensure inactivation was due to exposure to 

sim ulated solar radiation alone. Experim ents w ere repeated at two sim ulated solar 

radiation intensities, 9.5W /m “ and 31.6W /nr. The samples were enum erated as 

outlined in Section 3.6.4 and inactivation kinetics determ ined as described in Section 

3.7. All of the experiments were repeated at least fou r times.

4.4.3 Results and Discussion

Representative data from the laboratory trials using  the parabolic reactor and two 

different indicator organisms are presented in Figure 4.5 and Figure 4.6 at the intensities
9 2

9.5W /m - and 31.6W /m respectively. All plots show an average o f at least four 

experiments.
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Figure 4.5: Comparison o f tw o indicator organisms, E. coli K-12 and S. typhimurium, 

plotted as (a) inactivation o f organism against experimental time (min) and (b) 

inactivation of organism against cum ulative simulated solar UV dose, Q, (kJ/1) at a 

sim ulated solar optical irradiance of 31 .59W/m .
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88



7
Exposure at an optical intensity of 31.6Wuv/m“showed >3-log reduction in the 

concentration of E. coli K-12 of the water sample during the two hour exposure time, 

corresponding to an inactivation rate constant of 0.067min ' (±0.032, 95%CI). 

Exposure of S. typhimurium at the same optical intensity and over the same exposure 

time produced only a 2-log reduction, corresponding to an inactivation rate constant of 

0.043min ' (±0.013, 95% Cl). The calculated inactivation rate constants are shown in 

Table 4.4 below for experimental time, illumination time and cumulative simulated 

solar UV dose.

Indicator Intensity (W W ) ko (kj ') k, (min ’) k,ilium.
E. coli 31.6 0.94 0.067 0.32

S. typhimurium 31.6 0.54 0.043 0.19
E. coli 9.5 1.93 0.050 0.21

S. typhimurium 9.5 0.88 0.020 0.10

Table 4.4: Inactivation rate constants calculated using cumulative simulated solar UV 

dose, experimental time and illumination time for E.coli K-12 and S. Typhimurium at 

simulated solar intensities of9.5Wuv/m' and 3 1 . 6 W „ v / m “ .

Exposure at an optical intensity of 9.5Wuv/m"showed >2-log reduction in the 

concentration of E. coli K-12 of the water sample during the two hour exposure time, 

corresponding to an inactivation rate constant of 0.046min ' (±0.0135, 95%CI). 

Exposure of S. typhimurium at the same optical intensity and over the same exposure 

time produced only a 1-log reduction, corresponding to an inactivation rate constant of 

0.02 Imin ' (±0.011, 95% Cl). These experiments carried out at both simulated solar 

UV intensities, suggest that S. typhimurium is more resistant to solar radiation than 

E.coli K-12 by a factor of 1.9 (±0.2). The experiments again confirm the non-linearity 

between bacterial inactivation and light intensity as discussed in Section 4.3.3.

Kehoe et al. (2004) calculated a decay constant of 0. IVkj ' for S. typhimurium when 

using a batch process and simulated solar radiation, which is less than the value 

calculated in the above experiments of 0.54kJ'', this is possibly due to the batch 

experiments having a greater depth of water for the radiation to pass through. Previous 

work by the same researchers has shown that the infectivity of S. typhimurium in a 

mouse population was reduced by exposing cells to simulated solar radiation for 1.5hrs 

(Smith et al., 2000). Other researchers have demonstrated that the addition of titanium
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dioxide slurry to the batch process solar disinfection process increases inactivation of 5. 

typhimurium. Ibanez et al. (2003) reported inactivation rate constants of 0.29min ' for 

both E. coli K-12 and S. typhimurium when a 0.1 g/1 TiOi solution was added to the 

bacterial suspension (note: the use of a photocatalyst to enhance the solar disinfection 

process is investigated in Section 6.

As shown experimentally above the relative resistance of S. typhimurium compared 

with E. coli K-12 did not change at the two different intensities, 31.59Wuv/m2 and 

9.5Wuv/m“, with all calculated inactivation rates were between 0.5 and 0.6 times those 

calculated for E.coli K -12.

4.5 Further Indicator Comparisons based on Literature
Several investigators around the world have carried out studies on the solar disinfection 

of different microorganisms, most using batch reactors under either solar simulator 

lamps or out in real sunlight. However, there have been few attempts to make direct 

comparisons between these studies since they have been carried out under different 

conditions and analysed according to different methodologies. The majority of research 

reported in the literature has been on single target microorganisms with a number of the 

studies favouring using E. coli. The relative resistance of the different microorganisms 

to solar disinfection needs to be investigated in order for the disinfection efficiency of a 

reactor to be more accurately established in real environmental situations where several 

microorganisms are likely to be in a water source simultaneously. Hence, an 

examination into several of these previous studies (Smith et al., 2000, Lonen et al., 

2005, Sommer et al., 1997, Salih, 2002, Ibafiez et al., 2003, Kehoe et al., 2004, Reed, 

2004, Rincon and Pulgarin, 2004 and Walker et al., 2004) augmented by the results 

presented in this thesis has been made in order effectively to rank the broad solar UV 

resistance between the different microorganisms. This study has only used the results 

from batch reactor trials as these are the most numerous but the relative differences 

between microorganisms can be translated up to the specific continuous flow system 

designs.

Initially, the comparative resistances between different organisms which had been 

carried out under similar conditions in the same study were established according to 

their reported disinfection kinetics with respect to time or UV dose. The disinfection 

kinetics in each study were then calculated according to dose (Eqt. 3.9) and compared 

against the base organism, E. coli, which was given a relative disinfection efficiency of
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unity to provide the linic to step between the different studies. E. coli was chosen since it 

has been used as the reference coliform enteric bacterium organism  in many studies and 

is also the main organism that has been used in the continuous flow reactor experim ents 

described in this thesis. Hence, the comparison between organism s have been 

norm alised with respect to performance against E. coli under the same conditions 

according to the equation below (4.1).

1 1

k„ k,.
_ P . Q k  rail

= Re lativeSolarDi sin feet ion Re sis tan ce
k

(4.1)

It should be noted that studies carried out at tem peratures higher than 40”C were 

excluded from the analysis due to potential synergistic disinfection effects between 

UVA and such temperatures, as described later in Section 7. Any experim ents using 

photocatalytic enhancem ents were also discounted due to the different disinfection 

m echanism s associated with this process, as described in Section 6.

The results of this analysis are shown on Figure 4.7. The ranges o f relative disinfection 

sensitivities on individual organisms reflect the results from more than one study by 

different researchers. Reasonable agreement in the trends with respect to E. coli was 

achieved, indicating the validity of the approach. The average baseline kinetic of the E. 

coli from ten different batch studies was k = 0.67 litre/kJuv with a standard deviation of 

0.32 litre/kJuv
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Figure 4.7. Relative solar disinfection resistance o f various microorganisms in 

com parison to E. coli

M any o f the Gram-negative bacteria appear to be of a broadly sim ilar sensitivity to solar 

disinfection as E. coli with the exception o f Vibrio cholera (which causes cholera) 

w hich seems to be considerably more resistant. Pseudomonas aeruginosa  (responsible 

for opportunistic infections of the skin eye and ear) and Enterobacter cloacae (causing 

urinary and respiratory tract infections) require about half the UV dose com pared to E. 

coli. The Shigella species, linked with diarrheal diseases or dysentery (Sh. D ysenteriae) 

and Salmonella enteritidis (causing gastroenteritis) are also relatively easier to disinfect 

than E. coli although S. typhunnurium n  and Sh. Sonnei appear to be slightly more 

resistant. The Gram -positive bacteria however, represented by the Enterococci sp., 

(Enterococcus faecalis), and Bacillus suhtilis appear to be consistendy more difficult to 

disinfect than E. coli. In particular, solar disinfection for the spore form ing Bacillus 

subtilis  does not appear to be particularly effective.

The protozoan Acanthamoeba polyphaga  is found in most soil / aquatic environm ents 

and is considered very resistant compared to other cyst forming protozoa. The 

disinfection efficiency reported on Fig. 4.7 is for the reduction in trophozoites but it 

should be noted that the same study found no significant reduction in cysts under solar 

irradiation. Another concern with protozoa is that the cysts can act as a reservoir for 

pathogenic bacteria, acting as a form of environmental macrophage, since they are 

protected by the cyst during irradiation (Barker and Brown, 1994). This has been shown 

for pathogenic bacteria such as Camplyobacter je jun i (Axelsson-Olsson et al., 2005) 

and V. cholerae (Thom and Draser, 1992). However, inactivation of Cryptosporidium  

parx’um oocysts has recently been looked at (M endez-Hermida et al., 2005) reporting a 

100% reduction in oocyst infectivity after 12 hours under a solar simulator. The fungal 

pathogens Candida albicans and Eusarium solani are more resistant than E. coli 

although water is generally not a primary route for such fungal infections. Finally, the 

viruses studied (poliovirus and MS-2 bacteriophage) appear to be more about twice as 

resistant to solar disinfection than the reference E. coli; MS-2 bacteriophage is 

considered to be one of the most environmentally resistant viruses o f the F-specific 

RNA bacetriophages however.

It should be appreciated that most experim ents have targeted just one organism  and 

most, with few exceptions (Rincon and Pulgarin, 2003, 2004), have not looked at the
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reduction in disinfection effectiveness in real water due to turbidity, chemical 

param eters and other microorganisms. It should also be noted that the difference in 

physiological state of the target organism (i.e. whether in exponential o r stationary 

phase) (Rincon and Pulgarin, 2004) has been shown to have a large effect on the 

disinfection kinetic response. Hence, the design for the real world must have a 

significant safety factor attached above the retention time needed for the target 

organism .

4.6 Comparison of Tubing Materials
4.6.1 Introduction

The tubular absorber in a solar disinfection reactor must be able to transm it UV 

radiation efficiently as well as being resistant to its destructive effects. It m ust also be 

inert with regard to aggressive chemicals such as OH radicals (M alato et al., 2004) 

created by the photocatalysis process.

Colourless glass is opaque to radiation below 320nm and to radiation above 700nm, 

with maximum transmission at 400nm. As explained in Section 3.1.6. quartz has 

excellent UV transm ittance but its cost make its use for a low-cost process unfeasible. 

Borosilicate glass is appropriate due to its low iron content and durability. The 

following experim ents com pare the use o f ordinary glass (soda lime) tubing with 

borosilicate glass (Pyrex) tubing as the absorber com ponent o f the parabolic solar 

reactor.

4.6.2 Experim ental Set-up

The Pyrex tubing was fixed at the focal point o f the parabolic reactor. At the beginning 

o f each experim ent I litre of water inoculated with E.coli K-12 or was adm itted into the 

reservoir o f the reactor. Initial bacterial concentrations were approximately lO^CFU/ml 

in all experim ents. The water was recirculated with the reactor exposed to the sim ulated 

sunlight for 2 hours, with samples being taken at 15-minute intervals. Control samples 

were left in the dark throughout all experiments to ensure inactivation was due to 

exposure to simulated solar radiation alone. Experiments were repeated using the soda 

lime glass tubing. The samples were enumerated as outlined in Section 3.6.4 and 

inactivation kinetics determined as described in Section 3.7. All o f the experim ents 

were repeated at least four times.

93



4.6.3 Results and Discussion

Representative data from the laboratory trials using the parabolic reactor and two 

different tubing types are presented in Figure 4.8. All plots show an average of at least 

four experiments.

Calculated inactivation rate constants are shown in Table 4.5 below for experimental 

time, illumination time and cumulative simulated solar UV dose. Exposure at an optical 

intensity of 31.6Wuv/m showed >3-log reduction in the concentration of E. coli K-12 of 

the water sample circulated within the Pyrex tubing during the two hour exposure time, 

corresponding to an inactivation rate constant of O.OVmin ', (+0.032, 95%CI). As seen 

in Figure 4.4 experiments performed with the ordinary soda-lime glass tubing yielded 

almost identical results with an inactivation rate constant calculated as O.OVmin ' 

(+0.007, 95%CI).

Tubing Type ko(kJ-') k, (min ') k,ilium. (m in‘)
Pyrex 0.94 0.07 0.32

Soda Lime 0.94 0.07 0.32

Table 4.5: Inactivation rate constants calculated using cumulative simulated solar UV 

dose, experimental time and illumination time for E. coli K-12 at simulated solar 

intensities of 31.6Wuv/m" with two different tubing types inserted into the reactor.

When melted (during fabrication), borosilicate glass is characterised by a high 

transmission in the UV and is therefore attractive in optical applications, which require 

transmittance in this range (Monke and Ehrt, 2004). From the results shown above it 

can be seen that the ordinary glass performed equally with the borosilicate (Pyrex) 

glass. As discussed in Section 3.2.6 the ability of normal glass to transmit UV is 

dependent on its iron-content but there is also the additional negative effect of 

“ultraviolet solarisation” (Malato et al„ 2004). Solarisation is a loss in transmission 

observed upon irradiation of glasses caused by impurities such as iron and manganese. 

Defects are formed in the glass and often cause high absorbance in the UV and visible 

range (Monke and Ehrt, 2004). This process has been described in more detail in 

Section 3.2.6. These defects occur over time which is probably the reason why no 

difference can be noted between inactivation using the two different types of tubing. If 

possible a borosilicate glass with a low-iron content should be employed in a scaled up- 

reactor
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Figure 4.8: Comparison o f two tubing types, Pyrex and soda lime glass plotted as (a) 
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optical irradiance of 31.6W /m“.
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4.7 Comparison between UV Disinfection in non-agitated 
(batch)reactors and in the continuous flow reactor 
operating in batch mode (with recirculation by 
punning)

4 .7 .1 Introduction

As discussed in Section 2.7.3 Batch Process Solar Disinfection (SODIS) consists of 

exposing raw water to the sun in a rigid container for several hours in order to provide a 

low-cost water treatment. SODIS has proved successful in the inactivation o f many 

m icroorganism s in small quantities of water. The following experim ents com pare this 

well characterised process with the continuous flow process.

4.7.2 Experimental Set-up

During batch experiments one-litre bottles made of borosilicate glass (Duran®) were 

filled with water and then inoculated with E. coli K-12 with an initial concentration of 

IxlO^CFU/ml. The bottles were then placed under the solar sim ulator and exposed for 

2 hours. Samples were taken every 15 minutes and experim ents were repeated at least 

twice.

At the beginning of each continuous flow experim ent 1 litre of water inoculated with E. 

coli K-12 or was adm itted into the reservoir o f the reactor. Initial bacterial 

concentrations were approximately lO^CFU/ml in all experiments. The water was 

recirculated with the reactor exposed to the simulated sunlight for 2 hours, with samples 

being taken at 15-minute intervals. The experiments were repeated at least four times. 

Control samples were left in the dark throughout all experim ents to ensure inactivation 

was due to exposure to simulated solar radiation alone. The samples were enum erated 

as outlined in Section 3.6.4 and inactivation kinetics determ ined as described in Section 

3.7.

4.7.3 Results and Discussion

Representative data from the laboratory trials using the parabolic reactor and two 

different tubing types are presented in Figure 4.9. All plots show an average o f all 

experim ents.
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Calculated inactivation rate constants are shown in Table 4.6 below for experimental 

time, illumination time and cumulative simulated solar UV dose. Exposure at an optical 

intensity of 31 .6Wuv/m“showed >3-log reduction in the concentration o f E. coli K-12 of 

the water sample circulated within the continuous flow reactor during the two hour 

exposure time, corresponding to an inactivation rate constant o f 0.067min ', (±0.032, 

95% CI). As seen in Figure 4.7 experiments perform ed using the batch process yielded 

alm ost identical results with an inactivation rate constant calculated as 0.066m in ' 

(+0.037, 95%CI).

Process koa (kj ') koa (kJ '') k, (min ') k,ilium, (m in '')
Batch 2.23 2.23 0.066 0.07

Continuous 2.74 0.94 0.067 0.31

Table 4.6: Inactivation rate constants calculated using cum ulative simulated solar UV 

dose, experimental time and illumination tim e for E. coli K-12 at simulated solar
•>

intensities o f 31.6W„v/m" using two different solar disinfection processes.

Dose inactivation rates were calculated using Eq 3.9, which takes account o f  the 

different irradiated areas between the 1-litre bottle and the tubes of the CF reactor. The 

plan area of the bottle was calculated to be 0.01575m" while the plan area of the 

absorber tubes in the reactor was calculated to be 0.0144m “. Therefore if inactivation 

rate constants are calculated according to actual absorber area (Eq. 3.10) the CF system 

is found to be 22% more efficient.

It would be expected that the reactor flowing at 2.81/min is a more efficient design than 

an ordinary Pyrex bottle due to its shallower depth and reflector area. This does not 

seem to be the case if the bacterial inactivation graphs are plotted against true 

experim ental time as shown in Figure 4.9(a). H owever if com parisons are made against 

actual exposure time (illuminated time), which remains the same as the experimental 

tim e for the bottle but is only 4.3s in the light and 17.1 seconds in the dark per revolution 

in the continuous flow reactor then the advantage of the continuous flow reactor is 

evident. Results are plotted as inactivation of E. coli K-12 as a function of illumination 

time in Figure 4.10. The rate constant for the batch process was identical to that 

calculated for experimental time as the bottle is kept continuously exposed to the solar 

radiation (0.066 illuminated min ' (±0.037, 95% CI)) whereas the inactivation rate 

constant for calculated for the continuous flow process was 0.31 illuminatedmin '.
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Figure 4.10: Comparison of batch process and continuous flow disinfection plotted as 

inactivation of E. coli K-12 against illumination tim e (min)

It should be noted that the continuous flow reactor operating in batch mode does have 

the added benefit of a reflector behind the exposed tubes, which would increase its 

efficiency with respect to the experiments carried out in the bottle (this benefit is 

discussed in the next chapter). As can be seen from Table 4.6 above, the bottle 

experim ents were shown to be more efficient when inactivation coefficients were 

calculated according to kg. It can be assum ed that not all incident photons on the 

reflector are absorbed on their way through the suspension in the tubes i.e. the fluence 

on the absorber tube is less than that falling on the aperture area because the reflector 

will distinguish some of the radiation (as discussed in section 3).

During continuous flow experim ents the contam inated water is constantly recirculating 

between the reactor where it is exposed to radiation and the reservoir, which is 

effectively a dark zone. These results suggest that in a large-scale once through system 

inactivation time would be much lower than in a batch system.
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These results also compare favourably with previous research into batch process solar 

disinfection. Rincon and Pulgarin (2005) reported an inactivation rate constant of 

0 .399m in-l for E. coli K-12 exposed for sim ilar experimental time and UV intensity, 

using a different type of solar simulator (Hanau). M ost other research into the batch 

process and E. coli focuses on enhancing the process using a photocatalyst (M atsunga, 

1995, Dunlop, 2002, Wist, 2002, Huang, 2000, Sunada, 2003, Ibanez, 2003),which is 

considered in Section 3.

4.8 Concluding Remarks
It is evident from the above experiments that solar disinfection is achievable in a 

sufficient time to explore the applicability for use under natural solar conditions. 

Relatively little difference was found between the three different flow regim es tested, 

presum ably due to the turning of the fluid at each bend in the reactor and the shallow 

w ater depths involved. Surprisingly, results indicated that turbulent conditions were 

slightly less efficient than laminar flow conditions, although this is thought to be due to 

the frequency o f exposure to sunlight in each particular reactor configuration, which is 

discussed further in Section 8. RTD analysis shows that the turbulent flow regime 

would be most appropriate in the design of a once through flow system.

The results of the intensity experim ents indicate that inactivation kinetics are sim ilar 

after exposure to certain threshold irradiances. These results also indicate that there is a 

non-lineal dependence between bacterial inactivation rate and light intensity suggesting 

that inactivation is not based solely on intensity and time as is traditionally thought. 

This is particularly important in natural sunlight where the intensity is continually 

changing due to cloud cover, whereas when UV lamps are used there is no variation in 

intensity .

5. typhimurium  is approximately twice as resistant as E.coli K-12 to solar radiation. 

And the relative resistance did not change at lower intensities. The relative resistances 

o f  other microorganisms were assessed from literature and found to be in order o f least 

resistance to solar disinfection:

Sh.dysenteriae < P.aeruginosa < Sh.flexneri < E.clocae < S.enteriditis < E.coli < 

Ent.faecalis < coliform s< S.Typhimurium < Sh.Sonnei < MS-2 bacteriophage<  

Poliovirus < C.albicans < A.polyphage < F.solani < V.cholerae < Enterococci sp.< 

B.subtilis
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Both tubing types-borosiiicate and soda lime glass-perform ed equally under sim ulated 

solar conditions both having equal inactivation rate constants. After time a loss in 

transm ission could occur due to impurities such as iron and therefore it is recom m ended 

that a low-iron content borosilicate glass be used in a full-scale reactor.

Continuous flow solar disinfection was found to be more efficient than batch process 

solar disinfection when inactivation rate constant are based either on dose or actual 

illum ination time. In turn this enables a much bigger volume o f water to be treated in 

the same am ount o f time.
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CHAPTER 5

C o m p a r is o n  o f  S o l a r  D i s in f e c t io n  R e a c t o r s



5.1 Introduction
The objective of the following experiments was to assess the efficiency o f different 

solar disinfection reactors under a variety of conditions. This involved:

i. A com parison of four different shaped small-scale reactors under simulated solar 

conditions.

ii. A comparison of four different shaped small-scale reactors under natural solar

conditions at a latitude where there is an abundance o f solar radiation.

iii. A comparison of four different shaped small-scale reactors under natural solar

conditions in Ireland.

iv. An assessm ent of the differences between simulated solar radiation and natural 

solar radiation with regard to the solar disinfection process.

V.  A com parison of a small-scale compound parabolic reactor and a pilot-scale 

solar reactor.

vi. An assessment of the effect of reactor area on the disinfection process.

Throughout these experim ents the four small-scale reactors described in Section 3.2.2 

were used along with the pilot scale reactor described in Section 3.2.3.

5.2 Comparison of Small-scale Reactors under Simulated 
Solar Conditions

5.2.1 Introduction

The purpose of these experiments was to assess the efficiency o f four different shaped 

sm all-scale solar disinfection reactors under simulated solar conditions. The reactors 

had three different reflector profiles: compound parabolic, parabolic, v-groove and one 

configured without a reflector, as described in Section 3.3.2.

5.2.2 E.xperimental Set-up

Each reactor was configured as a recirculating system with a turbulent flow regime and 

Pyrex tubing (96mm diameter) placed at the focal point of the reflector. The volume of 

water in each case was kept constant; each test using one litre o f sterile water (Baxter) 

inoculated with a 1x10* CFU/ml concentration of E. coli K-12. All tests were carried 

out using simulated solar radiation in the laboratory using the lOOOW Xenon arc lamp 

as described in Section 3.4.1, adjusted to give an optical irradiance o f 31W/m^ 

sim ulated solar UV radiation, which corresponds to a total global radiation of 900W /m “.
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Sam pling was carried out every 15 minutes with controls left in the dark throughout the 

experim ent. The samples were enumerated as outlined in Section 3.6.4 and inactivation 

kinetics determined as described in Section 3.7. All o f the tests were repeated at least 

four times.

5.2.3 Results and Discussion

Representative data from the laboratory trials using the four different reactors are 

presented in Figure 5.1. All plots show an average o f at least four experim ents.

All experim ents showed at least >2-log reduction o f E. coli K-12 within the 120 minute 

experim ental time. The inactivation rate constant calculated for the Com pound 

Parabolic reactor was 0 .125min ' (±0.027, 95% C l), with rate constants calculated for 

the Parabolic, 0.067min ' (±0.03, 95% Cl), V-groove, 0.063min ' (±0.02, 95% Cl), and 

non-reflecting, 0.049min ' (±0.005, 95% Cl), reactors. Inactivation rate constants were 

also calculated using the actual illumination time, as described in Section 3.7.2, as well 

as the cumulative simulated solar UV dose, Q as described in Section 3.7.3. These 

calculated inactivation rate constants are shown in Table 5.1 below.

Reactor k o ( l .k r ') k, (min ') ktiiium. (m in '')
Com pound Parabola 1.15 0.13 0.66

Parabola 0.94 0.07 0.41
V-Groove 0.59 0.06 0.34

No Reflector 1.82 0.05 0.26
Table 5.1: Inactivation rate constants calculated for the four different reactors based on 

dose, experimental time and actual illumination time.

Sim ulated solar UV doses required to achieve 1-log inactivation were calculated for 

each o f the four reactors and found to be 2kJ/l for the Compound Parabolic reactor, 

whereas 2.45kJ/l and 3.9kJ/l was required for the Parabolic and V -groove reactors 

respectively as would be exf>ected. However, the non-reflecting reactor required just 

1.26kJ/l to cause a 1-log reduction of E. coli K-12, which is illogical as the non- 

refiecting reactor takes the most amount o f time to achieve inactivation, see Figure 

4.1(a).
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Figure 5.1 ;Comparison o f four different reactors. Compound Parabolic, Parabolic, V- 

groove and non-reflecting, plotted as (a) inactivation of E. coli K-12 against 

experim ental tim e (min) and (b) inactivation o f E. coli K-12 against cum ulative solar 

UV dose, Q, (kJ/1).
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This arises due to the differing incident areas o f the reactors (assumed in the calculation, 

Eq 3.9). It clearly dem onstrates that the non-reflecting reactor makes the most efficient 

use o f light per unit area. The kinetics for the non-reflecting reactor only take into 

account the sunlight falling directly on the absorber tube compared to the additional 

incident area of the reflectors in the other three reactors which also collect some diffuse 

radiation. However in terms o f overall reactor efficiency, this definition of cumulative 

UV dose does not reflect the fact that the Com pound Parabolic reactor is perform ing 

better than the others (inactivation achieved in a shorter amount o f time). If the results 

are plotted according to the UV dose based only on the absorber area of each reactor 

(Eq. 3.10), the comparisons show that the Compound Parabolic reactor is more efficient 

than the Parabolic, V-groove and non-reflecting reactor, see Figure 5.2 below and a 

factor o f efficiency depending on reflector type can be calculated.
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Figure 5.2: Comparison o f four different reactors, Com pound Parabolic, Parabolic, V- 

groove and non-reflecting plotted as inactivation of E. coli K-12 against cumulative 

solar UV dose, Qa, (kJ/1), calculated by absorber area.
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The dose, ( Q a ,  kJ/1), required to cause 1-log in the parabolic reactor was 0.5kJ/l, 

w hereas 0.84kJ/l, 0.98kJ/l and 1.26kJ/l was required for the Parabolic, V -groove and 

non-retlecting reactors respectively. Therefore the absorber plan area should be taken 

as the incident area in order for valid comparisons to be made between reactors of 

different areas and thus a factor of efficiency can be established for each reflector shape. 

C alculated inactivation rate constants for Qa are shown in Table 5.2.

Reactor k o ( l . k j ' ) k o a  d . k j  ' ) k ,  (min ') k , ilium, (m in '')
Com pound Parabola 1.15 4.59 0.13 0.66

Parabola 0.94 2.74 0.07 0.41
V-Groove 0.59 2.34 0.06 0.34

No Reflector 1.82 1.82 0.05 0.26

Table 5.2: Inactivation rate constants calculated for Q, Qa, experimental time and 

illum ination time.

It can clearly be seen from these results that the order o f reactor efficiency was the 

Com pound Parabolic reactor, the Parabolic, and the V-groove reactor with the non- 

retlecting reactor being least efficient. If the non-reflecting reactor is used as the 

baseline, efficiencies were increased by a factor of 2.5 with the Com pound Parabolic 

reactor, 1.5 with the Parabolic reactor and 1.28 with the V-groove reactor. These ratios 

can be used to decide w hether the additional cost of fabricating a Com pound Parabolic 

reactor for a scaled up plant can be justified. The Compound Parabolic reactor has the 

capacity to collect both diffuse and direct radiation (Blanco and M alato, 2001), as 

discussed in Section 3.1.4. Direct solar radiation is that radiation which reaches ground 

level without being absorbed or scattered, radiation that has been dispersed but reaches 

ground level is called diffuse radiation and the addition o f both is called global 

radiation, see Section 2.5.3. In general, the direct component of global radiation on 

cloudy days is at a minimum and the diffuse component is at a m axim um , producing the 

opposite situation on clear days (Malato, 1999). Hence, the enhancem ent o f 2.5 found 

when com paring the Com pound Parabolic reactor with a non-reflecting reactor, which 

may justify  the cost o f fabricating the Compound Parabolic, a factor that must be 

considered when designing this process for developing countries.
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5.3 Comparison of Small-scale Reactors under Natural Solar 
Conditions (PSA)

5.3.1 Introduction

The purpose of these experiments was to assess the efficiency of the four different 

shaped small-scale solar disinfection reactors under natural solar conditions. The four 

reactors tested above, Compound Parabolic, Parabolic, V-groove and non-reflecting 

were tested at Plataforma Solar de Almeria in southern Spain.

5.3.2 E.xperimental Set-up

Each reactor was configured in an identical m anner to Section 5.2.2. The volume of 

water in each case was kept constant; each test using one litre o f water (M illiQ), which 

was tested for sterility, inoculated with a 1x10*’ CFU/ml concentration of E. coli K-12. 

All tests were carried out natural solar radiation at Plataform a Solar de A lm ena during 

June and July 2003. Reflector apertures were tilted to the local latitude angle (37°) to 

maxim ise sunlight capture as described in Section 3.4.2 and positioned so that the tubes 

were aligned in an east-west orientation. Sampling was carried out every 10 m inutes 

with controls left in the dark throughout the experiment. The samples were enum erated 

as outlined in Section 3.6.4 and inactivation kinetics determ ined as described in Section 

3.7. All of the tests were repeated at least four times.

5.3.3 Results and Di.scussion

Representative data from the laboratory trials using the four different reactors are 

presented in Figure 5.3. All plots show an average of at least four experiments.

The experim ents performed in the Compound Parabolic reactor exhibited >4-log 

reduction in E. coli K-12, whereas the Parabolic and V-groove reactor experim ents 

exhibited a 3-log and 2-log reduction in E. coli K-12 respectively. The non-reflecting 

reactor produced only > 1-log reduction in the 60 minute experimental time. The 

inactivation rate constant calculated for the Compound Parabolic reactor was 0.25 Imin ' 

(±0.09, 95% Cl), with rate constants calculated for the Parabolic, 0 .195min ' (±0.08, 

95% Cl), V-groove, 0 .134min"' (±0.09, 95% Cl), and non-reflecting, 0 .066m in '’ 

(±0.009, 95% Cl), reactors.
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Figure 5.3: Comparison o f four different reactors. Compound Parabolic, Parabolic, V- 

groove and non-reflecting, plotted as (a) inactivation o f E. coli K-12 against 

experim ental time (min) and (b) inactivation of E. coli K-12 against cum ulative solar 

UV dose, Q, (kJ/1).
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Inactivation rate constants were also calculated using the actual illumination time, as 

described in Section 3.7.2, as well as the cumulative simulated solar UV dose, Q as 

described in Section 3.7.3 and Qa based on absorber area (Eq. 3.10). These calculated 

inactivation rate constants are shown in Table 5.3 below.

Reactor ko (l.kj ') koa ( l-k J -‘) k, (min ') k,ilium, (m in ')
Compound Parabola 1.96 7.79 0.25 1.32

Parabola 2.08 6.08 0.20 1.03
V-Groove 1.19 4.71 0.13 1.19

No Reflector 2.46 2.46 0.07 2.46

Table 5.3: Inactivation rate constants calculated for the four different reactors based on 

dose, experimental time and actual illumination time.

N atural solar UV doses required to achieve 1-log inactivation were calculated for each 

o f the four reactors. The dose required to achieve 1-log inactivation calculated for the 

Com pound Parabolic reactor was 1.17kJ/l, whereas l.lOkJ/1 and 1.94kJ/l was required 

for the Parabolic and V-groove reactors respectively. The non-reflecting reactor 

required just 0.936kJ/l to cause a 1-log reduction o f E. coli K-12, again these were 

calculated as per Q, Eq. 3.9. W hen inaction of bacteria was plotted against dose as per 

Qa, (Eq. 3.10). The calculated dose required to achieve 1-log reduction was 0.29kJ/l, 

0.38kJ/l, 0.49kJ/l and 0.94kJ/l for the Compound Parabolic, Parabolic, V-groove and 

non-reflecting reactors respectively. The results are plotted as inactivation o f E. coli K- 

12 against Qa, kJ/1, in Figure 5.4 below.

The error bars in the x direction on the plots above indicate the variation in the dose 

term  as the solar intensity was continually changing throughout the experim ents (since 

these results are an average of four separate trials). Average solar intensities for the 

experim ents were found to be 37.2W /m “ (std. dev. 2.33), 36.4W/m^ (std. dev. 2.36), 

30.8W /m “ (std. dev. 5.9) and 30.8W/m^ (std. dev. 5.9) for the Compound Parabolic, 

Parabolic, V-groove and non-reflecting reactors respectively.
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Figure 5.4: Comparison of four different reactors, com pound parabolic, parabolic, v- 

groove and non-reflecting plotted as inactivation o f E.coli K - 1 2  against cum ulative 

solar UV dose, Q a, (kJ/1) ,  calculated by absorber area.

It is evident from these results that the Compound Parabolic reactor perform ed the best 

in natural sunlight with the others performing in the same order as the experim ents 

perform ed under simulated sunlight. If the non-reflecting reactor is used as the 

baseline, efficiencies were increased by a factor of 3.0 with the Com pound Parabolic 

reactor, 2.5 with the Parabolic reactor and 1.9 with the V-groove reactor. It is also 

apparent that all reactors performed better in natural sunlight, which will be discussed in 

Section 5.5.
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5.4 Comparison of Small-scale Reactors under Natural Solar 
Conditions (Ireland)

5 .4.1 Introduction

The purpose o f these experiments was to assess the efficiency o f four different shaped 

sm all-scale solar disinfection reactors under natural solar conditions in Ireland in order 

to assess how a difference in intensity affects the dose kinetic. The four reactors tested 

above, Compound Parabolic, Parabolic, V-groove and non-reflecting were tested at 

Trinity College, Dublin.

5.4.2 Experimental Set-up

Each reactor was configured as a recirculating system with a turbulent flow regime and 

Pyrex tubing placed at the focal point of the reflector as before. The volume o f water in 

each case was kept constant; each test using one litre o f autoclaved water, inoculated 

with a 1x10* CFU/ml concentration o f E. coli K -12. All tests were carried out in natural 

solar radiation at Trinity College, Dublin during August 2003. Reflector apertures were 

tilted to the local latitude angle (53°C) to maximise sunlight capture as described in 

Section 3.4.2 and positioned so that the tubes were aligned in an east-west orientation. 

Sam pling was carried out every 15 minutes with controls left in the dark throughout the 

experim ent. The samples were enumerated as outlined in Section 3.6.4 and inactivation 

kinetics determined as described in Section 3.7. All o f the tests were repeated at least 

three times.

5.3.3 Results and Discussion

Representative data from the laboratory trials using the four different reactors are 

presented in Figure 5.5. All plots show an average of at least four experim ents.

The experim ents performed in the Compound Parabolic reactor exhibited >5-log 

reduction in E. coli K-12, whereas the Parabolic and V-groove reactor experim ents 

exhibited a 4-log and 2-log reduction in E.coli K-12 respectively in the 180 minute 

experim ental time. The inactivation rate constant calculated for the Com pound 

Parabolic reactor was O.lOSmin ' (+0.09, 95% Cl), with rate constants calculated for the 

Parabolic, 0.067min ' (+0.022, 95% Cl), V-groove, 0 .039m in'' (+0.025, 95% Cl), and 

non-reflecting, 0.036min ' (+0.009, 95% Cl), reactors.
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Figure 5.5: Com pari son o f four different reactors, compound parabolic, parabolic, v- 

groove and non-reflecting, plotted as (a) inactivation o f E. coli K-12 against 

experimental time (min) and (b) inactivation o f E. coli K-12 against cumulative solar 

UV dose, Qa, (kJ/1). Note: error bars are plotted on one line only for clarity.
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Inactivation rate constants were also calculated using the actual illum ination time, as 

described in Section 3.7.2, as well as the cumulative simulated solar UV dose, Qa as 

described in Section 3.7.3. These calculated inactivation rate constants are shown in 

Table 5.4 below.

Reactor koa (l-kj ‘) k, (min ') k,ilium, (m in'')
Compound Parabola 3.92 0.11 0.57

Parabola 2.90 0.07 0.36
V-Groove 2.42 0.04 0.21

No Reflector 1.68 0.03 0.18

Table 5.4; Inactivation rate constants calculated for the four different reactors based on 

dose, experimental time and actual illumination time.

Natural solar UV doses required to achieve 1-log inactivation were calculated for each 

o f the four reactors based on Qa. The dose required to achieve 1-log inactivation 

calculated for the Compound Parabolic reactor was 0.58kJ/l, whereas 0.79kJ/l and 

0.95kJ/l was required for the Parabolic and V-groove reactors respectively. The non- 

re fleeting reactor required 1.37kJ/l to cause a 1-log reduction o f E. coli K-12; again 

these were calculated as per Qa, Eq. 3.10.

The error bars in the x direction on the plots above indicate the variation in the dose 

term  as the solar intensity was continually changing throughout the experiments. 

Average solar intensities for the experiments were found to be 22.2W /m ‘ (std. dev. 2.9), 

20.9W /m" (std. dev. 3.2), 16.2W/m" (std. dev. 4.8) and 20W /m “ (std. dev. 3.2) for the 

Com pound Parabolic, Parabolic, V-groove and non-retlecting reactors respectively.

Once again it is evident from these results that the Compound Parabolic reactor 

perform ed the best in natural sunlight with a low intensity, as it was the only reactor to 

inactivate the bacteria to a level below detection for all three trials (see Figure 5.5). If 

the non-reflecting reactor is used as the baseline, efficiencies were increased by a factor 

o f 2.33 with the Compound Parabolic reactor, 1.72 with the Parabolic reactor and 1.44 

with the V-groove reactor. It is also apparent that all reactors performed better under 

high intensity solar conditions (PSA) than low intensity conditions (Ireland). Table 5.5 

below summarises the inactivation constants for PSA and Ireland along with the 

average solar intensity of the trials performed.

113



Ireland Spain

R eac to r k o ,( l .k J -‘) A verage Intensity (W /m ") R eac to r ko . O.kJ-') A verage Intensity  (W /m ‘ )

C om pound  Parabola 3.92 22.2 C om pound Parabola 7 .79 37.2

Parabola 2.90 20.9 Parabola 6.08 36.2

V -G roove 2.42 16.2 V -G roove 4.71 30.8

N o R eflector 1.68 20.0 N o R eflector 2.46 30.8

Table 5.5: Comparison o f Inactivation coefficients calculated for Ireland and Spain 

along with the average intensities during exposure time.

The average intensity during trials performed at PSA was approximately 15W /m‘ higher 

than those trials performed in Ireland (except for trials perform ed using the non 

reflecting reactor where the solar UV intensity was only lOW/m^ higher). Reactors 

with reflectors all performed a factor o f two times better when exposed to high intensity 

radiation than those exposed to lower intensity radiation in Ireland. This supports the 

theory that there is a non-linear relationship between intensity of exposure and 

inactivation o f microorganisms as discussed in Section 4.3. The differences in the 

results could also be due to a synergistic effect between solar radiation and tem perature. 

This effect is explored further in Section 7.2.
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5.5 Comparison of Simulated and Natural Solar Conditions
5.5.] Introduction

It is apparent from the experim ents described above that there is a difference between 

the results found under natural solar conditions to those found in the laboratory under 

sim ulated conditions. Section 3.4.1 describes the solar sim ulator and its spectral output, 

whereas the output of natural solar radiation is described in Section 3.4.2. Figure 5.6 

below compares the output from the solar simulator with the ASTM  standard solar 

spectral irradiance, showing the difference between the spectral output o f the solar 

sim ulator and natural sunlight.

4

N a l i ir a l

2

1.5

I

V *•,

0.5

0
250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100

W av e le n g th  (n m )

Figure 5.6; Comparison of Solar Sim ulator output and ASTM  Reference Spectrum for a 

flat plate tilted at 37°

5.5.2 Results and Discussion

Representative data from the trials using the Compound Parabolic reactor in natural and 

sim ulated sunlight are presented in Figure 5.7 (a) and (b). The com parisons are made 

using the natural solar trials perform ed at PSA, as the average intensity during these 

trials was 37.2W/m^ (std. dev. 2.33). The simulated solar radiation intensity was kept at



'y

31.6W /m 2 whereas the average intensity during the Irish trials was alm ost lOW/m" less 

than the simulated intensity as discussed in the previous section.

Table 5.6 shows the inactivation rate constants for all reactors under simulated sunlight 

and natural sunlight for both the experimental time and cum ulative solar UV dose, Qa.

Source Natural Solar Radiation Simulated Solar Radiation

Reactor k o a ( l . k j ' ) k, (min*') (̂iiium. (iriin ) k o .( l .k r ') k, (min ') ktiikm. (min ‘)
Compound Parabola 7.79 0.25 1.32 4.59 0.13 0.66

Parabola 6.08 0.20 1.03 2.74 0.07 0.41
V-Groove 4.70 0.13 0.71 2.34 0.06 0.34

No Reflector 2.46 0.07 0.35 1.82 0.05 0.26

Table 5.6: Inactivation rate constant for small-scale reactors under both simulated and 

natural conditions.

It is apparent from the results described above that there are discrepancies between the 

inactivation rate constants achieved during simulated and natural solar experim ents. 

Dose inactivation rate constants were a factor of 2.2-1.35 greater for natural sunlight 

than for simulated sunlight, a trend that was consistent throughout the experiments.

The spectral irradiances em itted from the solar simulator (Oriel Corp) and those falling 

naturally on earth (Gueymard, 2004) are given in Table 5.7 below as percentages. This 

shows that there is a marked difference in the UV range where the proportional UV 

output o f the sun is 2.54 times more than that o f the solar sim ulator at the same 

m easured intensity. The atmosphere absorbs most UVC radiation before reaching 

ground level and thus both simulator and natural outputs are <1% at this wavelength 

(<280nm). Thus, only UVB and UVA radiation play a role in terrestrial applications. It 

is radiation in this wavelength range (200-400nm) that causes m ajor damage to 

m icroorganism s (Kalisvaart, 2001). The majority o f biological effects are due to 

photochem ical reactions in the nucleic acid DNA. The absorbed photons result in the 

form ation of photoproducts, the most common of which is the thym ine dimer. UV-A 

radiation is generally absorbed by photosensitisers, which can be present in 

contam inated water. These can react with oxygen molecules producing highly reactive 

oxygen species, which in turn react with DNA (W hitelam, 1986) as discussed in 

Section 2.7.2.
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F igure  5.7: C om parison  o f  the com pound parabolic reac to r under natural and sim ulated  

sun ligh t p lo tted  as (a) inactivation  o f  E. co li K -12 aga inst experim ental tim e (m in) and 

(b) inactivation  o f  E. coli K -12 against cum ulative so lar U V  dose, Qa, (kJ/1).
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It can also be seen (Table 5.7) that there is proportionately 1.14 times more infrared 

radiation in the simulated solar output than that received at the earth’s surface. It has 

been reported (Lage et al., 2000) that exposure to infrared radiation can actually aid 

survival for bacteria on exposure to UV radiation. Samples of E. coli K-12 were pre

exposed to infrared or non-coherent visible radiation and in all cases the pre-exposed 

sam ples exhibited a resistance to UV radiation. Lage et al., (2000) suggest that overall 

effects o f UV-C and perhaps UV-B radiation may be significantly attenuated when they 

are simultaneously absorbed with the visible and infrared com ponents o f the solar 

spectrum. This phenomenon could explain the differences in inactivation kinetics 

between the experim ents carried out under simulated solar radiation and natural solar 

radiation.

R ad ia tion %  O u tpu t S o lar S im u la to r &  O u tp u t N atu ral S o la r N a tu ra l/S im u la ted

U V 3.51 8 .90 2 .54

V isab le 37.25 39 .10 1.05
Infrared 59.25 52 .0 0 0 .88

Table 5.7: Factored spectral irradiances emitted by the Solar Sim ulator com pared with 

those falling naturally at ground level.

Finally, information from the lamp manufactures indicates that there is a slight 

reduction in the UVA / Visible ratio in the output for Xenon Arc lamps over time. This 

is another factor which would only reduce the relative UV radiation with respect to 

intensity com pared to natural solar light. It should be noted that the percentage outputs 

given in Table 5.7 are for a new lamp.

These differences between experiments performed in the laboratory as opposed to 

natural sunlight should be taken into account when comparing efficiencies o f different 

reactors or when using the disinfection kinetics found during small-scale experim ents to 

scale-up reactors to pilot level. These results suggest that the disinfection process will 

occur in less time and with a smaller radiation dose in natural sunlight than with 

sim ulated sunlight.

This could be looked at in two ways: either the kinetics found under simulated sunlight 

should be factored up for full-scale reactor design or the kinetics found in solar 

sim ulated experim ents could be considered to include an inbuilt factor o f safety which 

is always necessary when designing water treatm ent processes that have a direct impact 

on public health.
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5.6 Comparison of Small-Scale and Pilot-Scale Solar 
Disinfection Reactors

5.6.1 Introduction

The following experim ents com pare the Com pound Parabolic sm all-scale reactor 

(0.057m “) with a pilot-scale reactor installed at Plataforma Solar de A lm ena (3m-). The 

pilot-scale reactor is described in Section 3.3.3.

5.6.2 Experimental Set-up

Each reactor was configured as a recirculating system with a turbulent flow regime 

(-5000) and Pyrex tubing placed at the focal point o f the reflector. The volume of 

w ater in each case was kept constant; during small-scale experim ents one litre o f water 

(M illiQ), tested for sterility, inoculated with a 1x10^ CFU/ml concentration o f E. coli K- 

12. All tests were carried out natural solar radiation Plataforma Solar de Alm eria during 

June and July 2003. Reflector apertures were tilted to the local latitude angle (37°C) to 

m axim ise sunlight capture as described in Section 3.4.2 and positioned so that the tubes 

were aligned in an east-west orientation. During pilot-scale experim ents 35 litres of 

solar-distilled water inoculated with E. coli K-12 was admitted into the reactor’s 

reservoir. The reactor was kept covered for ten minutes to ensure a com plete mix was 

achieved (confirmed by tracer study) and uniform concentrations o f bacteria existed 

throughout the reactor. Sampling was carried out every 5 or 10 m inutes with controls 

left in the dark throughout the experiment. The samples were enum.erated as outlined in 

Section 3.6.4 and inactivation kinetics determined as described in Section 3.7. All o f 

the tests were repeated at least four times.

5.6.3 Results and Discussion

Representative data from the laboratory trials using the four different reactors are 

presented in Figure 5.8. All plots show an average of at least four experiments.

The experim ents performed in the small-scale com pound parabolic reactor exhibited 

>5-log reduction in E. coli K-12, which was similar to the reduction found in the pilot- 

scale in the same experimental time. The inactivation rate constant calculated for the 

sm all-scale reactor was 0.25min ' (±0.09, 95% Cl), whereas the rate constant calculated 

for the pilot-scale reactor 0.35min ' (±0.02, 95% Cl), reactors. Inactivation rate
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constan ts w ere also  calcu lated  using the actual illum ination  tim e, as described  in 

Section  3.7.2, as w ell as the cum ulative sim ulated so lar UV dose, Qa as described  in 

section  3.7.3. T hese calcu la ted  inactivation  rate constan ts are  show n in T ab le 5.8 

below .

R eactor k o a ( l - k j ') k o ( l .k j ') k, (m in ') k,ilium, (m in '')
S m all-S cale 7.79 1.96 0.25 1.32
P ilo t-Scale 5.73 1.86 0.35 0.55

T ab le  5.8: Inactivation  rate constan ts ca lcu lated  for sm all-scale and p ilo t-scale  reactors 

based  on dose Qa, experim ental tim e and actual illum ination  tim e.

N atu ra l so lar U V  doses required  to ach ieve 1-log inactivation  w ere ca lcu la ted  fo r each  

reacto rs based on Qa. T he dose required  to ach ieve 1-log inactivation  ca lcu lated  fo r the 

sm all-scale reacto r w as 0.3kJ/l, w hereas a dose o f  0 .4kJ/l w as required  in the p ilo t-scale 

reactor.

T he inactivation  rate constan ts calcu lated  fo r illum inated  tim e suggest that the sm all- 

scale reacto r is sign ifican tly  m ore efficient than the p ilo t-scale reactor, w hereas the 

ca lcu la ted  rate constan ts  based  on experim ental tim e suggest that the p ilo t-scale  reacto r 

is m ore efficient. T he p ilo t-scale reactor has a to tal volum e o f  35 litres, w ith an 

illum inated  volum e o f  22 litres giving a light to dark ratio  o f  1.6:1. T he sm all-scale 

reac to r has a total volum e o f  1 litre with an illum inated  volum e o f  0 .2  litres g iving a 

light to  dark  ratio  o f  0.2:1. F igure 5.9 show s a plot o f  bacterial inactivation  aga inst 

cum ulative  dose calcu lated  by the actual illum ination  tim e, Q a i i i u m-  

C alcu la ted  inactivation  rate constants for the sm all-scale and p ilo t-scale reactors as a 

function  o f  Q a i i i u m  are 4 l.0 k J /l  and 9.0kJ/l respectively . T his suggests that the ratio  o f  

light to  dark  tim e could  have a significant effect on the solar d isinfection  process, w hich 

is investiga ted  in Section  8. O ther than this fac to r the  depth  o f  the w ate r flow ing  

th rough  the p ilo t-scale reacto r (29 .4m m ) could  have an effect on the attenuation  o f  so lar 

rad ia tion .
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Figure 5.8: Com parison o f the small-scale (CP) and pilot-scale reactors plotted as (a) 

inactivation of E. coli K-12 against experimental time (min) and (b) inactivation of E. 

coli K-12 against cumulative solar UV dose, Qa, (kJ/1).
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Figure 5.9: Comparison of the small-scale (CP) and pilot-scale reactors plotted as

inactivation of E. coli K-12 against cumulative solar UV dose, Q a , i i i u m  (kJ/1).

5.7 Assessment of the Effect of Reactor Area

5.7.1 Introduction

The following experiment assesses the effect of reactor area on the continuous flow 

solar disinfection process. Experiments were carried out at Plataform a Solar de A lm ena

using the pilot-scale reactor as described in Section 3.2.3 configured as a 3m^ (whole
2  ^reactor exposed) and a Im (by covering 2m ‘ o f the total area) continuous flow 

recirculating reactor.

5.7.2 Experim ental Set-up

Each reactor was configured as a recirculating system with a turbulent flow regime and 

Pyrex tubing placed at the focal point o f the reflector. The volume o f water in each case 

was kept constant at 35 litres. All tests were carried out natural solar radiation 

Plataform a solar de Almen'a during June and July 2003. At the beginning o f each 

experim ent a fresh batch of solar distilled water (checked for sterility) was inoculated
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with E. coli K-12 to an initial concentration of lxlO*CFU/ml. The reactor was kept 

covered for ten minutes to ensure a complete mix was achieved and uniform 

concentrations of bacteria existed throughout the reactor. Sampling was carried out 

every 5 minutes with controls left in the dark throughout the experiment. The samples 

were enum erated as out lined in Section 3.5.4 and inactivation kinetics determined as 

described in Section 3.6. All o f the tests were repeated at least four times.

5 .7.3 Results and Discussion

Representative data from the laboratory trials using the two different reactor 

configurations are presented in Figure 5.10. All plots show an average of at least four 

experim ents.

Both configurations o f reactor exhibited similar inactivation kinetics achieving >5-log 

rem oval during the experimental time. The inactivation rate constant calculated for the 

3m ’ reactor configuration was 0.349min ' (±0.02, 95% Cl), whereas for the lm ‘ 

configuration it was 0.34min ' (+0.09, 95% Cl). Inactivation rate constants were also 

calculated using the actual illumination time, as described in Section 3.7.2, as well as 

the cum ulative simulated solar UV dose, Qa as described in Section 3.7.3. These 

calculated inactivation rate constants are shown in Table 5.9 below.

Reactor kQ,(l.kJ-') k, (min ') Gillum, (m in ') ko(l.kJ-')
Im- 16.16 0.34 1.63 2.50
3m- 5.73 0.35 0.55 1.86

Table 5.9: Inactivation rate constants calculated for the 3m^ and Im" reactor 

configuration based on dose Qa, experimental time and actual illumination time.

N atural solar UV doses required to achieve 1-log inactivation were calculated for each 

reactors based on Qa. The dose required to achieve 1-log inactivation calculated for the 

lm “ reactor was 0 .14kJ/l, whereas a dose of 0.40kJ/l was required in the 3m “ 

configuration
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Figure 5.10; Comparison of the pilot-scale reactor with a reactor area of 3m^ and lm “ 

plotted as (a) inactivation of E. coli K-12 against experimental time (min) and (b) 

inactivation of E. coli K-12 against cumulative solar UV dose, Qa, (kJ/1).
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The inactivation rate constants calculated for illuminated time and dose suggest that the
2 ^ 2  Im  reactor is more efficient than the 3m “ reactor. The 3m reactor has a total volume of

35 litres, with an illuminated volume of 22 litres giving a light to dark ratio of 1.6:1.

The sm all-scale reactor has a total volume o f 35 litres with an illuminated volume o f 7.3

litres giving a light to dark ratio of 0.3:1. Figure 5.11 shows a plot o f bacterial

inactivation against cum ulative dose calculated by the actual illumination time, Qaiiium-
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Figure 5.11: Comparison of the lm “ and 3m“ reactor configurations plotted as

inactivation of E. coli K-12 against cumulative solar UV dose, Qa,iiium (kJ/1).

-y

Calculated inactivation rate constants for the Im" and 3m“ reactor configurations as a 

function of Q„ nium are 69.0kJ/l and 9.0kJ/l respectively. This also suggests that the ratio 

o f light to dark time could have an effect on the solar disinfection process, as the results 

seem paradoxical due to greater dose received by the 3 m ' reactor. One common feature 

in both experimental configurations however, is that on average each bacterium will 

make the same num ber of cycles per unit time and will also move across a dark to light 

interface for every revolution made o f the reactor. This then provides the interesting 

hypothesis that another mechanism, apart from the presumed UV radiation dose, could 

be governing the disinfection kinetic at such a temporal scale o f less than 10 minutes
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illum inated time. This mechanism could be due to the stress associated with the bacteria 

m oving from the dark into the light, possibly in conjunction with a threshold UV dose, 

and hence the inactivation kinetics could be primarily governed by the frequency of 

shock to the bacteria (i.e. a stroboscopic shock mechanism). Undoubtedly the UV dose 

disinfection mechanism, as witnessed in numerous other trials, will still be occurring, 

but the overall kinetics observed in these experim ents could be revealing a much faster 

acting m echanism  due to the frequency of intermittent illumination, which is totally 

swam ping the slower, UV dose proportional mechanism. In these trials the average time 

per revolution o f the pilot plant was 105 seconds, of which the time in the dark was 38 

seconds and 83 seconds per revolution for the 3m“ and Im" illum inated areas. This 

gives a dark to light ratio o f 0.36 and 0.79 respectively which may also be a critical 

param eter for such a stroboscopic shock mechanism. This theory has been investigated 

by a series o f further trials as discussed in Section 8. Research into the effect of 

alternating bacteria between light and dark conditions was carried out in one previous 

study (Rincon and Pulgarin 2003) although the results provided contradictory findings 

depending on the type of microorganism used. It should also be noted however, that the 

stroboscopic frequency in those trials were typically at much lower values com pared to 

the trials presented here.

5.8 Concluding Remarks
It is evident from the above experiments that solar disinfection is achievable in a 

reasonable am ount o f time under both simulated and natural solar conditions.

The Com pound Parabolic reactor performed consistently better than the other three 

reactors, both under natural and simulated conditions as well as under low intensity 

natural conditions.

There was a marked different in performance under natural conditions com pared with 

sim ulated conditions for all reactors. This could be due to spectral differences in the 

UV and Infrared regions of simulated and natural solar conditions.

There also seems to be a mechanism other than dose related contributing to the 

disinfection process when there is a dark phase in the continuous flow process.

Finally, the results from these studies suggest that inactivation kinetics should be 

calculated according to absorber area and actual exposure time when com paring 

continuous flow reactors of different areas and varying dark zones.
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CHAPTER 6

Soi.AR P h o t o c a t a l y t ic  D i s in f e c t i o n



6.1 Introduction
The objective of the following experiments was to assess the efficiency of the solar 

photocatalytic disinfection process and com pare this to the solar disinfection process. A 

num ber o f experim ents were carried out:

i. A comparison of the solar disinfection process and a low concentration of 

titanium dioxide (TiOi) enhanced process using the catalyst in suspension.

ii. Assessm ent of the effect of a fixed photocatalyst on the solar disinfection 

process.

iii. Com parison of two different types o f fixed catalyst and their effect on the 

disinfection process.

iv. An assessm ent o f the potential for regrowth in a solar disinfection and solar 

photocatalytic disinfection system.

6.2 Titanium Dioxide in Suspension
6.2.1 Introduction

The purpose o f these experim ents was to investigate the effect o f introducing a 

suspension o f T i02 into the solar disinfection process. The enhancem ent o f the solar 

disinfection process by photocatalytic oxidation was first dem onstrated in Japan 

(M atsunga, 1985) with continuing research both in natural and simulated sunlight 

proving successful against a wide range of m icro-organisms (M cGuigan et al, 1999; 

Salih, 2003; Rincon and Pulgarin, 2003; Saito et al., 1992; Block et al., 1997; Pham et 

al., 1997) as described in Section 2.8. Such studies have used mainly Ti02 that has an 

appropriate energetic separation between its valence and conduction bands, which can 

be surpassed by the energy content of a solar photon thus creating an electron-electron 

hole pair (Robert and Malato, 2002). This electron com bines with dissolved oxygen in 

w ater to produce a hydroxyl radical ( OH) which is thought to damage microbial cells. 

In the following experiments T iO i is added to the solution as a suspension as described 

in Section 2.8.

6.2.2 Experimental Set-up

The pilot-scale reactor at PSA configured as in Im" area recirculating reactor was used 

during these experiments. The volume of water in each case was kept constant at 35 

litres. All tests were carried out natural solar radiation Plataform a Solar de Almen'a 

during June and July 2003. At the beginning o f each experim ent a fresh batch of solar
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distilled water (checked for sterility) was inoculated with £. coli K-12 to an initial 

concentration of IxlO^CFU/ml. The reactor was kept covered for ten m inutes to ensure 

a com plete mix was achieved and uniform concentrations of bacteria existed throughout 

the reactor. During T iO i experiments the photocatalyst was prepared as outlined in 

Section 3.5 and then added to the solution in the reactor to obtain the desired 

concentration o f 3, 6 or 9 mg/1. The solution in the reactor was recirculated in the dark 

to allow a com plete mix o f water, bacteria and Ti02. Sampling was carried out every 5 

m inutes with controls left in the dark throughout the experiment. The samples were 

enum erated as outlined in Section 3.6.4 and inactivation kinetics determ ined as 

described in Section 3.7. All of the tests were repeated at least once.

6.2.3 Results and Discussion

Representative data from the laboratory trials using four different concentrations of 

T iO : are presented in Figure 6.1. All plots show an average o f at least four 

experim ents. It is apparent from Figure 6.1(a) that all four experimental solutions 

required almost the same amount of exposure time in order for com plete inactivation to 

take place, between 20 and 30 minutes, corresponding to an illum ination time of 4 to 6 

m inutes. Inactivation rate constants are shown in Table 6.1 calculated for experimental 

time, illumination time, Qa and QaiUum-

A verage solar intensities were calculated and found to be 38.28Wuv/m (std. dev. 1.59) 

for the trials using a zero concentration of Ti02 and 27.48Wuv/m" (std. dev. 2.35), 

41.40Wuv/m“ (std. dev. 0.62), 39.55Wuv/m“ (std. dev. 1.29) for trials with a 

concentration of 3m g/l, 6m g/l and 9mg/l of T iO i added respectively.
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Figure 6.1: Comparison of the pilot-scale reactor with a reactor area of Im^ with 4 

concentrations o f TiOo suspension added plotted as (a) inactivation o f  E.coli K-12 

against experimental time and (b) inactivation of E.coli K-12 against cum ulative solar 

UV dose, Qailium- Note; error bars only on one data set for clarity.
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A ll experim en ts exh ib ited  sim ilar inactivation  kinetics ach iev ing  > 4-log  rem oval during  

the  experim en tal tim e. T he inactivation  rate constan t calcu la ted  for the Omg/1 

concen tra tion  o f  T i0 2  w as 0 .34m in ' (+0.02, 95%  C l), sim ilar to those experim en ts 

con ta in ing  T i0 2  as show n in T able 6.1 below .

TiO, koa d-kJ-') ^ O a  ilium (kki ) ko (l.kJ') k, (min ') k,ilium, (min'')
0 16.16 75.73 5.26 0.34 1.68
3 20.55 96.32 5.62 0.34 1.68
6 14.27 66.91 4.01 0.33 1.54
9 14.42 67.57 4.29 0.33 1.52

T able  6.1: Inactivation  rate constan ts ca lcu lated  for d iffe ren t doses o f  suspended  T i0 2  

based  on doses Qa and Qaiiium. experim ental tim e and actual illum ination  tim e.

N atu ra l so lar UV  doses required  to ach ieve 1-log inactivation  w ere ca lcu la ted  for each  

reacto rs based on Qa- The dose required  to ach ieve 1-log inactivation  calcu la ted  fo r the 

lm “ reacto r w ith no T iO j w as 0 . 143kJ/l, w hereas a dose o f  0 .161kJ/l an d  0 .159kJ/l w as 

requ ired  during experim en ts con tain ing  a suspension in concen tra tions o f  6m g/l and 

9m g/l T iO i respectively . Perhaps surprisingly  the experim en ts perfo rm ed  w ith a 3m g/l 

suspension  perform ed m ost efficiently  w ith on ly  0 .1 12kJ/l so lar UV rad ia tion  requ ired  

to  p roduce 1-log reduction  o f bacteria.

D oses required  to  achieve 1-log reduction  w ere also  calcu la ted  based  on Qa inum as 

show n in F igure 6 .1(b). B oth the system s w ith 6 and 9m g/l concen tra tion  o f T iO i 

requ ired  a h igher dose  than the system  w ith no T iO j added, w ith calcu lated  doses equal 

to  0 .034kJ/l as opposed  to  0 .030kJ/l. A gain during the experim en ts w ith only  3m g/l 

added , the least dose w as required  to  inactivate 1-log o f  bacteria , 0 .023kJ/l.

A t first sight it m ay seem  coun ter in tu itive that the concen tra tion  o f  3m g/l is m ost 

effec tive  w hereas h igher concen tra tions o f  T i0 2  only p roduced  resu lts o f  approx im ate ly  

the  sam e efficiency  as the Omg/1 concentra tion  solar d isinfection  experim en ts. T he 

3m g/l resu lt cou ld  be due the fact tha t increasing the dose  o f  T i0 2  a lso  increases the 

op aq u en ess  o f  the w ater w hich thus reduces the overall U V  dose th roughou t the process 

w ater, a phenom enon w hich has been noticed  before in batch  processes (Salih , 2002). 

H ence, any enhancem ent due to  the ex tra photocataly tic m echanism  is being  m uted  by a 

reduction  in the solar UV d isinfection  m echanism  due to  low er in tensities. For exam ple , 

a concen tra tion  o f  9 mg/1 T i0 2  at a path length o f 30 m m  w ill reduce the sum o f  

abso rbed  and scattered  light by around 15-20%  (M alato  er al., 2004). W hilst such
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p h otocata lytic  m ech an ism s have proved particularly e ffec tiv e  at high concentrations (up  

to  2 0 0 m g /l)  o f  T i0 2  against recalcitrant organ ics (p estic id es etc) (H ancapie e t  al . ,  2 0 0 5 ), 

it m ay be that its benefit to the overall d is in fection  e ff ic ien cy  is m in im al if  the 

ph otocata lytic  inactivation  k inetic is  o f  a sim ilar order to the U V  light inactivation  

kin etic  w hereby an increase in one inevitab ly  leads to a d ecrease in the other. Further 

tests  cou ld  be carried out at low er ranges o f  T iO i concentration s in order to o p tim ise  the  

ch em ica l d ose , a lthough the results presented here do not ind icate that the addition  o f  

T i0 2  as a photocata lyst w ill prove particularly attractive for a lo w  cost, d is in fection  

process  for d eve lop in g  countries. It should a lso  be noted that i f  the strob oscop ic  shock  

(or m ech an ic  stress) m echanism  aired in Section  8 is sign ifican t, it cou ld  a lso  be  

sw am p in g  the true d ifferen ces betw een  the photocatalytic and U V  radiation m echan ism  

as d iscu ssed  in Section  8.

T h e results indicate that it cou ld  be b en efic ia l to add a sm all am ount o f  T iO i to the 

system  in order to increase e ff ic ien cy , here 3m g/l added w as found  to be 27%  m ore  

e ff ic ien t than a zero d ose  o f  T i0 2 . T his benefit d oes not appear to be sign ifican t enough  

to  ju stify  adding the photocatalyst as a suspension  into the w ater as a sustainable  

so lu tion  for d ev e lo p in g  countries w ith its inherent requirem ent for an extra separation  

p rocess  b efore w ater consum ption . O ne ben efit o f  u sin g  T iO : that has been reported  

h o w ev er , is that any re-grow th o f  bacteria is h indered m uch m ore e ffec tiv e ly  com pared  

to  norm al U V  d is in fection , due to the destruction  o f  the ce llu lar structure by 

ph otocata lytic  m ech an ism s (R incon  and Pulgarin, 2003 ; Sunada et  al . \  1998, Ibafiez et  

al . ,  2 0 0 3 ). A  low  co st m ethod o f  fix in g  the T iO i w ithin the tubes o f  the reactor w ou ld  

en ab le  both the photocata lytic  and U V  light d is in fection  m ech an ism s to act on the  

path ogen s although in general, fixed  catalysts tend to  have low er reaction rates than  

su sp en sion s, w hich  m ay constrain  the feasib ility  o f  such a m ethod.
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6.3 Fixed Titanium Dioxide (PSA)
6.3.1 Introduction

In order to test the effectiveness of using Ti0 2  as a photocatalyst in the reactors, it was 

decided to evaluate a design whereby a stable coating of TiO i could be fixed in the 

reactor. These experim ents look at the concept o f coating small 2mm diam eter glass 

rods with Ti02, which were then fixed along the centre o f each reactor tube. A stable 

coating of T i0 2  onto the glass rods was achieved using the technique described in 

Section 3.5.3. Fixed catalysts have proven to be less successful than suspensions of 

T i0 2  at enhancing the disinfection process as the contact area between the TiOz and the 

contam inated w ater needs to be very small (Salih, 2002) but have been considered in a 

few batch studies (Sunada et al., 2003; Rincon and Pulgarin, 2004; Dunlop et al., 2002; 

W ist et al., 2002).

6.3.2 Experim ental Set-up

Each of the four small-scale reactors described in Section 3.3.2 was configured as a 

recirculating system with a turbulent flow regime and Pyrex tubing placed at the focal 

point of the reflector as before. TiO^ coated rods were fixed into position at the centre 

of the Pyrex tubes in each reactor before exposure to sunlight. The rods were typically 

exposed to water velocities in the tubes of up to 0.67 m/s which would promote high 

localised shear stresses on the coating. However, during all trials the coating appeared 

to be stable. The amount of photocatalyst attached to the rods per unit illum inated 

volume was found by removing the rods after use, drying in an oven at 105°C and 

w eighing them. These rods were then cleaned of all traces of T 1O 2, dried in an oven 

again and then reweighed to calculate the difference in mass. The appropriate 

calculations return a concentration of TiOi coating per unit illum inated volume to be 94 

mg/1.

The volume of water in each experiment was kept constant; each test using one litre o f 

w ater (M illiQ), which was tested for sterility, inoculated with a 1x10^ CFU/ml 

concentration of E. coli K-12. All tests were carried out in natural solar radiation at 

Plataform a Solar de Almerfa during June and July 2003. Reflector apertures were tilted 

to the local latitude angle (37°) to maximise sunlight capture as described in Section

3.4.2 and positioned so that the tubes were aligned in an east-west orientation. 

Sam pling was carried out every 10 minutes with controls left in the dark throughout the 

experim ent. The samples were enumerated as outlined in Section 3.6.4 and inactivation
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kinetics determined as described in Section 3.7. All of the tests were repeated at least 

three times.

6.3.3 Results and Discussion

Representative data from the laboratory trials using the compound parabolic reactor 

with fixed Ti02 are presented in Figure 6.2. All plots show an average of at least four 

experiments. Inactivation rate constants are shown in Table 6.2 calculated for 

experimental time, illumination time, Qa and Qa jnum for the Compound Parabolic, 

Parabolic and V-groove reactors.

Average solar intensities were calculated and found to be 38.17Wuv/m“ (std. dev. 6.33) 

for the trials using the compound parabolic reactor with fixed Ti02 and 30.44Wuv/m 

(std. dev. 7.08) and 37.55Wuv/m" (std. dev. 3.29) for trials with the Parabolic and V- 

groove reactors respectively.

Inactivation kinetics were similar for all experiments with a 3-5-log reduction in 

bacteria during the 60 minute experimental time. Inactivation rate constants calculated 

from the experimental time were found to be 0.199min ', 0.12min ' and 0.83min ' for 

the Compound Parabolic, Parabolic and V-groove reactors respectively. When the effect 

of different experimental solar UV radiation intensities is taken into account and the 

results are plotted as survival against cumulative UV radiation dose, Qaiiium> (see Figure 

6.2(b)), calculated inactivation rate constants were found to be 47.27 l.kj 'for the 

Compound Parabolic reactor and 28.9 l.kj ' and 32.39 l.kj ' for the Parabolic and V- 

groove reactors.

The average temperature during the experiments was 36°C for the Compound Parabolic 

reactor experiments and 34°C and 36°C for the Parabolic and V-groove reactor 

experiments respectively.
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Figure 6.2: Comparison o f the compound parabolic reactor with and without fixed T iO i 
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o f E. coli K-12 against cum ulative solar UV dose, Q a i i iu m -
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Reactor TiO , kgad-kJ ) kga i l i u m  (l-kj ) k g d - k j ') k| (min ') kiiiium. (min )

CP
N 7.79 41.00 1.96 0,25 1,32
Y 8.88 47.27 1.77 0.20 1,05
N 6.08 32.01 2m 0.19 1,02

P Y 5.49 28.90 1.19 0.12 0,63

V
N ■ 4.71 24.80 1.19 0.13 0,71
Y 6,06 32.29 1.52 0.16 0,83

T ab le  6.2: Inactivation  rate constants calcu lated  for d ifferent solar d is in fection  reactors 

w ith  and w ithout fixed  T i0 2  based  on d oses Qa and Qa inum, experim en ta l tim e and actual 

illu m in ation  tim e.

N atural solar U V  d o ses  required to ach ieve  1-log  inactivation  w ere ca lcu lated  for each  

o f  the reactors based  on Qa. T he d ose  required to ach iev e  1-log inactivation  ca lcu lated  

for the C om pound Parabolic reactor w ith no T i0 2  w as 0 .30k J /l, w hereas a d ose  o f  

0 .26k J /l w as required during exp erim en ts conta in ing  the fixed  TiOo rods. C alcu lated  

d o se s  required for 1-log reduction in bacteria for experim ents carried out u sin g  the 

P arabolic reactor w ere 0 .37k J /l w hereas surprisingly w hen  T iO : rods w ere added to the 

system  the d ose  required w as the greater value o f  0 .41kJ/l. A n enhancem ent in the 

e ff ic ie n c y  o f  the process w as found w ith the V -groove reactor w ith ca lcu la ted  required  

d o se s  o f  0 .48k J/l and 0 .38k J /l for the system  w ithout T iO i and w ith  T iO : rods  

resp ective ly .

D o se s  required to  ach ieve  I- lo g  reduction w ere a lso  calcu lated  based  on Qa nium as 

sh ow n  for the com pound  parabola in Figure 6 .1 (b ). T he d ose  required to  ach ieve  1-log  

inactiva tion  calcu lated  for the C om pound Parabolic reactor w ith  no T iO : w as 0 .056k J /l, 

w hereas a d ose  o f  0 .048k J /l w as required during exp erim en ts con ta in in g  the fix ed  T iO :  

rods. C alcu lated  d oses required for 1-log reduction in bacteria for exp erim en ts carried  

out u sin g  the P arabolic reactor w ere 0 .071k J/l w hereas w hen T iO : rods w ere added to  

the sy stem  the d o se  required w as the greater value o f  0 .078k J /l. A n en han cem ent in the  

e ff ic ie n c y  o f  the process w as found w ith the V -groove  reactor w ith ca lcu la ted  required  

d o se s  o f  0 .093k J /l and 0 .071k J /l for the system  w ithout T iO : and w ith  T iO : rods 

resp ective ly .

H en ce, w hen  T iO : w as added as a fix ed  catalyst, the inactivation  rate constan ts from  the  

trials (w here the k in etics have been ca lcu la ted  w ith respect to d ose) dem onstrate that 

there d oes seem  to be ev id en ce  o f  an enhancem ent o f  13-16%  using the C om pound  

P arabolic reactor and 26-30%  using  the V -groove  reactor a lthough no such  

enh an cem en t w as m easured in the P arabolic reactor, w hich  actually  on ly  perform ed at
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90%  o f its efficiency when run containing the TiOi rods. A hypothesis to explain the 

apparent lack o f photocatalytic response in the parabolic rector could be that any 

augmentation of the disinfection by the photocatalyst is being cancelled out by the 

shading o f the direct UV light by the small 2mm rod supporting the Ti02, this effect 

would be most prominent in the parabolic reactor as the reflector area is smaller. This 

was not the case for the CP reactor since it is a much more efficient reflector 

particularly with respect to focusing the incident solar radiation behind the rod.

Hence, the results do not show a particularly large benefit at this scale using fixed TiO: 

concentrations when taking into account the extra costs o f fabrication required for such 

a continuous flow system. It may be that the concentration of the TiO: per illuminated 

litre was not high enough to promote much photocatalytic disinfection with respect to a 

dominant solar UV disinfection mechanism. It should be noted that the concentration of  

Ti02 coating used (94 mg/1) is low when compared to typical doses that have been used 

in other fixed TiOi research trials. Where researchers have used Ti02 fixed to an inert 

media, concentrations of 250-2000 mg/1 have been used for disinfection applications 

(Salih, 2002; Rincon and Pulgarin 2003). In these cases, however, the attached 

photocatalyst has been used in batch processes, which makes direct comparison with the 

T i0 2  coated rods used in this research difficult since they are located in turbulent flow  

conditions. It should be noted that this is a surface effect and therefore the 

contaminated water has to be in contact with the photocatalyst meaning that every effort 

should be made to increase the contact area between the fixed catalyst and the 

contaminated water. Another factor to be considered is the dissolved oxygen (DO) 

level, not mionitored during these trials, as it is reported to have an effect on 

photocatalytic efficiency but due to the agitation caused by the pump o f each system a 

reasonable DO level is assumed. Photocatalytic reactions require the presence o f  

molecular oxygen; lack of sufficient supply will stop the reaction completely (Sagwe et  

al„  2005). Every effort should be made to ensure that the solution is kept as close as 

possible to DO saturation level. Hence, future research should be targeted to find 

improved methods of fixing higher concentradons of photocatalyst within the tubes o f  

the reactor or alternatively maximizing the Ti0 2  area to liquid volume ratio.
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6.4 Fixed Titanium Dioxide (Ireland)
6 .4.1 Introduction

These experim ents compare the 2mm diam eter glass rods coated with T i02 used in 

Section 6.3 with a commercially available Ti02 coated paper. The coated paper 

(Ahlstrom®) was fixed in the reactor by wrapping it around 2mm diam eter glass tubes 

as described in Section 3.5.3. These experiments were carried out in Trinity College 

Ireland.

6.3.2 E.xpehmental Set-up

Again the small-scale compound parabolic reactor described in Section 3.2.4 was 

configured as a recirculating system with a turbulent flow regim e and Pyrex tubing 

placed at the focal point of the reflector. TiOa coated rods were fixed into position at 

the centre o f the Pyrex tubes in each reactor before exposure to sunlight as before or the 

rods that had been wrapped in T iO i paper were fixed into the centre of the tubes. The 

am ount o f TiOi photocatalyst attached to the rods per unit illum inated volume was 

found to be 94 mg/l as before. The paper was wrapped around the same 2mm glass rods 

and was calculated to give 147 mg/l TiOi photocatalyst per unit illum inated volume. 

Sim ilar photocatalysts were used in both the rod and paper systems. The rods were 

coated with Degussa P-25 T iO i (anatase: rutile ratio 3 ; I, surface area=50m 2/g, non- 

porous particles) by the technique described in Section 3.5.4. The paper consisted of 

Degussa P-25 coated on glass fibre paper using an organic (SiOi) binder as described in 

Section 3.5.3.

The volume o f water in each experim ent was kept constant; each test using one litre of 

autoclaved water, which was tested for sterility, inoculated with a 1x10’̂ CFU/ml 

concentration o f E. coli K-12. All tests were carried out in natural solar radiation at 

Trinity College, Dublin during August 2004. Reflector apertures were tilted to the local 

latitude angle (53°) to maximise sunlight capture as described in Section 3.4.2 and 

positioned so that the tubes were aligned in an east-west orientation. Sam pling was 

carried out every 10 minutes with controls left in the dark throughout the experim ent. 

The samples were enumerated as out lined in Section 3.6.4 and inactivation kinetics 

determ ined as described in Section 3.7. All of the tests were repeated at least three 

times.
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6.4.3 Results and Discussion

Representative data from the laboratory trials using the Com pound Parabolic reactor 

with the two types of fixed T i02 are presented in Figure 6.3. All plots show an average 

o f at least four experiments. Inactivation rate constants are shown in Table 6.3 

calculated for experimental time, illumination time, Qa and Qa inum for the Com pound 

Parabolic reactor containing two different types of fixed Ti02.

Average solar intensities were calculated and found to be 22.23W uv/m“ (std. dev. 2.90) 

for the trials using the Compound Parabolic reactor without TiO^ and 26.94W uv/m“ (std. 

dev. 9.46) and 33.75Wuv/m" (std. dev. 12.92) for trials with the T i02 coated rods and 

paper wrapped rods respectively.

Inactivation kinetics were sim ilar for all experim ents with >4-log reduction in bacteria 

during the 150 minute experimental time. Inactivation rate constants calculated from 

the experim ental time were found to be 0.076min ' (+0.04, 95% C l), 0.054m in ' (±0.04, 

95% C l) and 0.076min ' (+0.09, 95% Cl) for the rods, paper and no TiOz respectively. 

W hen the effect o f different experimental solar UV radiation intensities is taken into 

account and the results are plotted as survival against cumulative UV radiation dose, Qa 

ilium, (see Figure 6.2(b)), calculated inactivation rate constants were found to be 

22.281.kj 'fo r the Compound Parabolic reactor containing the coated rods and 17.36 

l.k j ' and 20.63 l.kj ' for the paper and no TiO^. These results are sum m arised in Table

6.3 below

TiOj koa 0.kJ ') kQa ilium (1-kJ ) k o(l.k J‘) k, (min ') k,ilium, (min'')

None 3.92 20.63 1.15 0.08 0.40

Rods 4.19 22.28 0.80 0.08 0.40
Paper 3.26 17.36 0.51 0.06 0.32

Table 6.3: Inactivation rate constants calculated for the Com pound Parabolic solar 

disinfection reactor for two types of fixed TiOz based on doses Qa and Qa iHum, 

experim ental time and actual illumination time.
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N atural so lar U V  d o ses  required to ach ieve  1-log inactivation  w ere ca lcu la ted  for  each  

o f  the exp erim ents based on Qa. T he d ose  required to ach iev e  1-log in activa tion  

ca lcu la ted  for the C om pound Parabolic reactor w ith no T i0 2  w as 0 .58k J /l, w hereas a 

d o se  o f  0 .55k J /l w as required during experim ents con ta in ing  the fixed  T i0 2  rods. 

C alcu la ted  d oses required for 1-log reduction in bacteria for exp erim ents carried out 

usin g  the paper w ere 0 .71k J /l w here the system  w as surprisingly foun d  to be le ss  

effic ien t.

D o se s  required to  ach ieve  1-log reduction w ere a lso  ca lcu lated  based  on Qa inum as 

sh ow n  for th ese experim ents in Figure 6 .1 (b ). T he d ose  required to a ch iev e  1-log  

in activation  calcu lated  for the C om pound Parabolic reactor w ith no TiOa w as 0 .1 12kJ/l, 

w h ereas a d ose  o f  0 . 103kJ/l w as required during exp erim en ts con ta in in g  the fix ed  T i0 2  

rods. C alcu lated  d oses required for 1-log reduction in bacteria for exp erim en ts carried  

out u sin g  the paper w ere 0 . 133kJ/l.

T h e T iO i rods enhanced  the inactivation  process (w h ere the k inetics h ave been  

ca lcu la ted  w ith  respect to  d ose) by up to 8% . W hen a perform ance com parison  is  m ade  

b etw een  sy stem s in Ireland and Spain the p rocess w as found to be ~ 2  tim es m ore  

e ff ic ie n t in Spain, w hich  is sim ilar to the previous results found w ith the reactors and no  

p h otocata lyst as d iscu ssed  in Section  5 .4 . T he rods that w ere coated  in the paper caused  

the sy stem  to  be 18% less  e ffic ien t, w hich  cou ld  be due to a num ber o f  reason s. T he  

average solar in tensity  w as m uch h igher during the paper exp erim en ts, the n on -lin ear  

relation sh ip  b etw een  light in tensity  and deactivation  o f  bacteria cou ld  be due to  

e x c e s s iv e  ’O H  radical generation at this h igher solar radiation in tensity  lead ing  to se lf

recom bination  w hich  leads to a decrease in the attack o f  target organ ism s (R incon  and  

Pulgarin , 2 0 0 3 ) and a less  e ffic ien t process. M oreover, w hen a h igh p h oton ic  flux  is  

ap p lied  h igh  concentrations o f  e lectron s and h o les are generated  in the sem icondu ctor, 

w h ich  results in a h igh recom bination  rate. T he m ethod  o f  fix in g  the paper into the 

tu bes co u ld  a lso  be m od ified  in order to prom ote greater contact w ith the con tam inated  

w ater. T he surface texture o f  the paper is uneven w hich  w ou ld  prom ote a boundary  

layer at the flo w  rates used in the reactor and h en ce, the m ajority o f  the flo w  w o u ld  not 

pass c lo s e  en ough  to the photocatalyst surface to be w ith in  range o f  the transitory  

hydroxyl radicals. T he absorber area w as a lso  le ss  w hen  the paper w as attached to the 

rods as the th ick n ess o f  the T i0 2  coated  paper is ~ l m m  (w h ich  w as taken into account 

w hen ca lcu la tin g  Q a i i i u m ) -
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Hence, the results do not show a particularly large benefit at this scale using fixed Ti02 

concentrations when taking into account the extra costs of fabrication required for such 

a continuous flow system.

6.5 Post Irradiation Regrowth (Ireland)
6.5.1 Introduction

One of the potential benefits of using a photocatalyst reported by some authors is that 

the photocatalytic disinfection mechanism prevents any regrowth of the sample 

microorganism post-irradiation if the water is subsequently stored in the dark (Rincon 

and Pulgarin, 2003a,b; Rincon and Pulgarin, 2004; Dunlop et al., 2002; Wist et al., 

2002). This is a particularly attractive characteristic for continuous flow reactor design 

where the disinfected water is likely to be stored in a closed reservoir for some time 

before consumption.

6.5.2 Experimental Set-up

Experiments were carried out in Ireland using E. coli K-12 on the same small-scale 

reactors and same procedure as described above (Section 6.3). The same small-scale 

reactors were used as in Section 4.2 experiments were carried out in Ireland in summer 

again using E. coli K-12. This time, however, at each time step, 3 parallel samples were 

taken: one was plated immediately; one sample was left for two hours in dark before 

being plated and the third sample for 24 hours before plating. This procedure was 

carried out for each of 12 samples. Samples were enumerated as outlined in Section 

3.6.4.

6.5.3 Results and Discussion

Representative data from the experiments are shown in Figure 6.4. In all cases no 

significant regrowth occurred between samples plated after 0, 2 or 24 hours. Sample 7 

in the experiments carried out with no TiOi (Figure 6.4(a)) and Sample 1 in the 

experiments carried out with the Ti02 rods (Figure 6.4(b)) showed slight regrowth but 

this is within expected experimental error. The experiments carried out with Ti02, 

either rods or paper did show an appreciable reduction in concentration of culturable 

cells after 24 hours suggesting that the addition of a photocatalyst may damage cells in 

such a way that they are inactivated after a period in the dark.
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6 .6  C o n c l u d in g  R e m a r k s

A slight enhancem en t o f the d isinfection  process w as found  on addition  o f  a low  

concen tra tion  (3m g/l) o f  TiOa to  the  p ilo t-scale so lar d isin fection  reactor. H ow ever, 

these  resu lts do not ind icate  that an addition  o f  a T i0 2  solution can be ju s tified  as a 

susta inab le  solution fo r develop ing  countries w ith its inheren t requ irem en t fo r an extra 

separation  process before w ater consum ption.

T he techn ique o f  using low  concen tra tions o f  T i0 2  fixed to  a g lass rod w ith in  the 

reacto rs dem onstra ted  a m oderate enhancem ent to overall d isinfection  effic iency  in the 

C o m p o u n d  P arabolic  and V -groove reactors.

T i0 2  coa ted  paper did not im prove reacto r perform ance, w hich cou ld  be due to a 

nu m b er o f  reasons including, excessive 'O H  radical generation , m ethod o f  fix ing  and 

su rface  tex ture. TiO z coated  g lass rods show ed a slight enhancem ent u nder low er 

in tensity  Irish sun.

P ost-irrad ia tion  regrow th  w as also  exam ined  for both  solar d isin fection  and solar 

pho tocata ly tic  d isinfection . A fter 24 hours there was no appreciab le regrow th  in e ith er 

system  but a loss in cu lturab le cell in sam ples o f  the photocata ly tic  system s suggests 

that an addition  o f  T i0 2  could  produce a residual effect. It should  be noted  that these 

ex p erim en ts  w ere carried  out using sterile w ater and during  d isin fection  in a real 

situation , rather than the laboratory , o rganics present in raw  w ater sources cou ld  affect 

reg row th  in an undesirab le way.
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7.1 Introduction
T he aim of this study was to

i. Investigate the influence of temperature on the continuous flow disinfection 

process

ii. Com pare the solar disinfection kinetics calculated for different volumes of 

contam inated water

Throughout these experim ents the Parabolic and Com pound Parabolic collector was 

used to com pare the different parameters.

7.2 Effect of Temperature
7.2.1 Introduction

The objective o f the following experim ents is to assess the influence o f tem perature on 

the continuous flow solar disinfection process. Batch process solar disinfection is based 

on the synergistic effect o f both water temperature and UVA radiation (EAW AG, 

2005), where the water temperature in the bottles increases to above 40°C during 

exposure. During the continuous flow experim ents described previously water 

tem peratures did not increase above 40°C, so the following experim ents were carried 

out by increasing the temperature by an artificial input of heat.

7.2.2 Experimental Set-up

The first set o f trials investigated the disinfection efficiency of the solar reactor in 

natural sunlight with no artificial increase in temperature. A second set of trials 

repeated the first but with an artificial increase in tem perature up to 45°C. A third set 

investigated the effect of a temperature increase alone with no exposure to sunlight. 

Tem peratures used in this set of trials were 40°, 45“ and 50°C.

The experim ents in which the reactor was exposed to natural sunlight were carried out 

during June and July 2003 at Plataforma Solar de Almeria, Spain. At the beginning o f 

each experim ent 1 litre o f filtered M illiQ water inoculated with E. coli K-12, was 

adm itted into the reservoir. After this inoculation the water was circulated through the 

solar reactor tubes in the dark until a complete mix and a uniform concentration of 

bacteria was achieved throughout the reactor. The initial bacterial concentrations were 

approxim ately Ix lO^CFU/ml. At the start o f each experiment a sample was taken at t=0 

and the reactor was uncovered. This sample was enum erated and then kept in the dark 

as a control during the experiment. Samples were taken at 10 minute intervals and each
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experim ent was repeated at least three times. The flowrate through the Pyrex tubes was 

2.81itre/min equating to Reynolds numbers o f >4000 with tem peratures not exceeding 

36°C. Solar radiation measurements were made using a 300-400nm broadband UV 

radiom eter (CUV3 Kipp and Zonen, Netherlands) located on site, as described in 

Section 3.3.2. Global UV intensity ranged between 30.3 and 40.8 W /m “ with the 

average UV intensity during the first set of trials calculated to be 37.2W/m^.

This procedure was repeated for the second set o f trials but for these experim ents the 

reservoir was insulated and placed onto a hotplate in order to increase the tem perature 

to 45°C during irradiation. Samples were taken from the reservoir every 5 or 10 

m inutes. During this set o f trials the global UV intensity measured was in the range 

22.7 to 42.3W /m “ with an average calculated at 31.6W/m^.

For the third set o f trials the reactor was kept in the dark with the reservoir insulated and 

once again placed on a hotplate. This dark environment ensured that tem perature 

increase alone was the cause o f bacterial inactivation. An initial sample was taken 

before the beginning of the experim ent and then the heat was applied gradually, so as 

not to induce a thermal shock in the bacteria. When the required tem perature was 

reached a second sample was taken and used to calculate the initial bacterial 

concentration (approximately IxlO^CFU/ml). Both samples were used as controls. 

Further samples from the reservoir were taken every fifteen minutes. Three different 

tem peratures were investigated: 40°, 45° and 50°C. W ater tem perature m easurem ents 

were made throughout all experim ents with a therm ocouple-based digital therm om eter 

as described in Section 3.4.1 at the system ’s reservoir.

7.2.3 Results and D iscussion  

S o lar D isinfection  (UVA alone)

Data from the first set o f trials using the small-scale Parabolic continuous flow solar 

reactor is presented in Figure 7.1, which shows the survival of bacteria within the 

reactor as a function of experimental time. In all experim ents at least a 3-4-log 

reduction occurred within the 60-m inute experimental time. In this case 60 minutes 

total experim ental time equates to 12 minutes illumination time.
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Figure 7.1: Inactivation of E. coli K-12 by UVA alone against experim ental time with 

tem perature ranging from 30-36°C.

The inactivation rate constant for UVA radiation alone was 0 .19+0.08min ' (95% Cl), 

which equates to 1.02 (illuminated min) '. This result has been discussed previously in 

Section 5.3.3; it is included here for clarity.

Solar D isinfection with Addition o f  Heat (UVA + Temperature)

Data from the second set o f trials is presented in Figure 7.2 above showing bacterial 

survival as a function of experimental time. In all experim ents a 6-log reduction of 

bacteria occurred within the 60-minute experiment time, which once again equates to 12 

m inutes illumination time. The temperature was m aintained at 45°C throughout the 

experim ent. Inactivation rate constants were calculated to be 0.31±0.06min ' (95% C l) 

or 1.57 (illum inated min) '. Comparing this result to the inactivation rate constants 

achieved using solar disinfection alone indicates that at this tem perature there is a 

synergistic effect of radiation and temperature that enhances disinfection efficiency by 

63% . The pow er of the difference between the two experim ents was statistically shown 

to be 77%.
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Figure 7.2: Inactivation of E. coli K-12 by UVA with temperature kept constant a t4 5 “C.

T he effect of the combination of both stress factors (UVA and tem perature) can be seen 

clearly in Figure 7.3 below where the results for both sets of experim ents are plotted as 

bacterial survival against UV dose, Qa nium (kJ/litre). As discussed previously, the 

results above do not account for the fact that the solar intensity received by the reactor 

during the trials was changing constantly. This is taken into account by calculating the 

accum ulated UV radiation dose by using Eq. 3.11 (Section 3.6.7).

Inactivation rate constants calculated using dose (Qa ilium) are 32.0kj ' and 55.3kJ'' for 

inactivation by UVA alone and UVA and temperature respectively. The standard 

deviation of intensity during the UVA alone trials was 2.33W/m^ with an average 

intensity o f 37.19W/m^ while for the trials with an increase in tem perature the average 

intensity was 32.63W/m^ with a standard deviation of 5.60 W/m^. W hen results are 

calculated in this way (by UVA dose) an enhancement o f 72% for the system with 

tem perature at 45°C is apparent. These results show that a dose of 0.04kJuv/litre was 

required to achieve 1-log reduction when temperature was increased to 45“C while a 

dose o f 0.072kJuv/litre produced a 1-log reduction under normal tem perature 

conditions.
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Figure 7.3; Survival o f E. coli K -12 as a function of UV radiation dose, Qaiiium (kJ/1).

T hese results indicate a clear advantage of increasing the temperature o f the water to 

45°C, which could be achieved by a concentrated reactor system using an oversized 

reflector. These results confirm the SODIS batch system theory where the synergistic 

effect o f temperature and UVA can reduce exposure times by 4 hours (EAW AG). All 

m ajor cellular components of gram (-) bacteria are affected by high temperatures, 

namely the outer cell layers, especially the outer membrane, proteins, enzymes, RNA 

and DNA. Thus extra stress is placed on the same cell com ponents that are targeted by 

UVA. Some UV radiation repair-defective mutants o f E. coli are also sensitive 

suggesting that synergistic systems could be more effective in causing inactivation o f E. 

coli (Russell, 2003).

The Effect o f  Temperature on E.coli K-12

Figure 7.4 below shows the results of the third set o f trials plotted as bacterial survival 

against experimental time for three separate temperatures, 40°, 45° and 50°C. 

Inactivation rate constants were calculated to be 0.046min ' (R^=0.9), 0.230min ' 

(R^=0.97) and 0.900min ' for 40°, 45° and 50°C respectively.
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This concurs with the previous results as an additional stress (UVA) increases the 

inactivation rate by 34% showing a clear synergistic effect between UVA and 

tem perature at 45°C. After 1 hour at 40°C only 1-log removal was apparent whereas at 

50°C a 6-log removal o f E. coli K-12 was achieved in just 15 minutes.
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Figure 7.4: Inactivation of E.coli K-12 at 40°, 45° and 50°C

Safapour and M etcalf, (1999), reported com plete inactivation of E. coli after 1 hour 

when tem peratures reached 60°C in a batch solar disinfection system whereas lower 

tem peratures have been reported for complete inactivation of E. coli (55°C) as well as 

other microorganism s such as Vibrio cholera  (45°C) (EAW AG, 2005; Joyce et al., 

1996).

All results are summarised in Figure 7.5 and Table 7.1 below.

Experim ent ^ O a  i l i u m  ) ko  (kJ - ') k, (min"') k,.iium. (m in ')
UVA 32.0 2.1 0.19 1.02

UVA -i-45°C 55.3 3.1 0.31 1.57
40°C - - 0.05 -

45°C - - 0.23 -

50°C - - 0.90 -

Table 7.1: Inactivation Rate constants calculated for experimental time, illum ination 

time and dose, Qaiiium-
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Figure 7.5: Com parison of E. coli K-12 inactivation at different temperatures.

These trials reveal a clear advantage of increasing tem perature to at least 45“C in order 

to enhance the solar disinfection process. This confirms that while solar disinfection by 

UVA alone is a realistic process for use in countries with an abundance o f sunlight, an 

optim ised process incorporating this synergistic effect would be more efficient than a 

traditional solar disinfection system. Many systems have concentrated on the effect of 

increasing tem perature (>65°) alone on pathogenic organism s (Simate, 2001; Safapour 

and M etcalf, 1998; Jorgenson et al„ 1998) as discussed in Section 2.6.2. These results 

show that for a com bined UVA and tem perature system the temperature needs to 

increase to 45°C in order to demonstrate a synergistic effect. Hence, future research 

should be targeted on concentrating systems or insulated systems (Casalake et a i ,  2004) 

which promote increased tem peratures within solar reactors.
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7.3 Effect of Volume
7.3.1 Introduction

The objective of the following experiments is to assess the influence of volum e on the 

solar disinfection process. During continuous flow experim ents the solution is 

constantly recirculated between the reactor and the reservoir, which is effectively a dark 

zone. As the volume o f the solution increases the am ount o f time the solution spends 

exposed to solar radiation is decreased.

7.3.2 Experimental Set-up

The experim ents were carried out during June and July 2003 at Plataform a Solar de 

Almen'a, Spain using the small-scale Compound Parabolic reactor. At the beginning o f 

each experim ent the required volume (1 litre or 0.4 litres) o f filtered M illiQ  water 

inoculated with E. coli K-12, was admitted into the reservoir. A fter this inoculation the 

w ater was circulated through the solar reactor tubes in the dark until a com plete mix and 

a uniform concentration o f bacteria was achieved throughout the reactor. The initial 

bacterial concentrations were approximately IxlO^CFU/ml. At the start o f each 

experim ent a sample was taken at t=0 and the reactor was uncovered. This sample was 

enum erated and then kept in the dark as a control during the experim ent. Samples were 

taken at 5 or 10 minute intervals and each experiment was repeated at least three times. 

Solar radiation m easurements were taken as described in Section 3.4.2 and samples 

were enum erated as described in Section 3.6.4. The average intensity during the 0.4
•7

litre experim ents was 34.5W /m “ (std. dev. 4.25), while during the 1 litre experim ents 

was 37.2W /m “ (std. dev. 2.33).

7.3.3 Results and Discussion

Representative data from the laboratory trials using the Com pound Parabolic reactor 

and three different volum.es o f solution are presented in Figure 7.6. All plots show an 

average o f at least four experiments.

All experim ents showed at least a >4-log reduction o f E. coli K-12 within the 60-m inute 

experim ental time. Inactivation rate constants were calculated according to the standard 

principles o f disinfection kinetics as described in Section 3.6.
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Figure 7.6: Comparison of two different volumes plotted as (a) inactivation of E. coli 

K-12 against experimental time (min) and (b) inactivation of E. coli K-12 against 

cum ulative simulated solar UV dose, Q, (kJ/1).
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The inactivation rate constant calculated for the 0.4 litre solution was 0.23m in ' (±0.17, 

95% Cl), with a rate constant o f 0.25min ' (±0.09, 95% Cl) for the 1 litre solution. 

Inactivation rate constants were also calculated using the actual illum ination time, as 

described in Section 3.6, as well as the cumulative simulated solar UV dose, Q as 

described in Section 3.6. These calculated inactivation rate constants are shown in 

Table 7.2 below.

Volume ^ Q a  i l ium  ) kq (kJ-') k( (min ') k,ilium (m in '')

1 litre 41.0 1.96 0.25 1.32

0.4 litre 6.23 1.98 0.23 0.45

Table 7.2: Inactivation Rate constants calculated for experimental time, illum ination 

tim e and dose, Q a i i i u m -

W hen the results are assessed using experimental time very sim ilar inactivation kinetics 

are apparent, however, when actual solar UV dose is considered there is a significant 

difference between the kinetics. The dose (calculated by absorber area and illumination 

time) required to achieve a 1-log reduction in the 1 litre sample was 0.056kJ/l whereas 

that required for a similar reduction in the 0.4 litre sample was 0.37kJ/l with calculated 

dose inactivation rate constants 41 litre.kj ' and 6.23 litre.kj ' respectively. Previous 

research concerned with volume effects has focused on batch process solar disinfection 

both with and without Ti02 enhancem ent (Kehoe et al., 2001; Duffy et al, 2005). No 

significant difference was found with varying volumes of water, how ever during these 

batch experim ent studies both volume of water and reactor size were reduced, w'hile 

during these trials the reactor areas were kept constant and only the volum e of 

contam inated water was varied.

The major difference between the two sets of experiments described above was the 

am ount of tim e spent in the reservoir and fittings, effectively dark zones. The 0.4 litre 

sample spent significantly more experimental time exposed to solar radiation, 30 

minutes (50%), while the 1 litre sample spent only 12 m inutes (20%) o f the total 

experimental time exposed. Figure 7.7 shows a plot of bacterial inactivation against 

illumination time.

It is evident from this plot and the calculated inactivation rate constants, 0.45 and 

1.32min'' for the 0.4 litre sample and 1 litre sample respectively, that the 1 litre system 

is more efficient.
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Figure 7.7: Comparison o f two different volumes plotted as inactivation of E.coli K-12 

against illumination time (min).

This suggests that there is possibly a photo effect that continues when the bacteria are in 

a dark phase (the reservoir in the case of the I litre sample). The effect o f reactor 

com ponents themselves (such as the pump) was investigated by a series of trials carried 

out in darkness, which showed no effect on bacteria. This suggests that there may be 

another mechanism involved in the solar disinfection process, which is dependent on 

both light and dark zones within the reactor as suggested in Section 5.7, and 

investigated in Section 8.

7 .4  C o n c l u d in g  R e m a r k s

There is a clear advantage on having increased tem peratures within the solar 

disinfection reactor. The additional stress of water tem perature at 45°C caused up to a 

73% increase in the efficiency o f the parabolic reactor.

The change in volume in the Com pound Parabolic reactor caused a decrease in solar 

disinfection efficiency. This is predominantly due to the absence o f a dark zone, which 

suggests that solar disinfection is not solely dose dependent and that possible other 

m echanism s could exist.
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CHAPTER 8

T h e  St r o b o s c o p ic  M e c h a n is m



8.1 Introduction
The objective of the following experim ents was to assess the effect o f alternating 

illum inated and dark phases on the solar disinfection process. This was achieved by:

i. Assessing the effect of introducing dark phases o f various lengths into the batch 

solar disinfection process

ii. Assessing the effect of varying the ratio o f illuminated phase and dark phases in 

batch process solar disinfection

iii. Assessing the effect of the introduction of illuminated and dark phases in the 

pilot-scale solar disinfection reactor.

8.2 Dark Phases in Batch Process Solar Disinfection
8.2.1 Introduction

The purpose of these experim ents was to investigate the effect o f introducing a dark 

phase into the batch solar disinfection process. The results discussed in Section 5.7 and 

Section 7.3 suggest that changing the illuminated area in a continuous flow reactor has 

an impact on the solar disinfection process, which is contrary to the expected results. 

Reduced illuminated areas ( lm “) produced more effective disinfection results per unit 

solar dose than larger areas (3m“). This suggests that a dark phase in a solar 

disinfection reactor should lead to a beneficial effect on the solar disinfection process in 

term s o f efficiency and hence the size of the reflector required in a full-scale solar 

disinfection system could be reduced with a consequential reduction in m anufacturing 

cost. If such an effect exists it should also be apparent on the introduction of dark 

phases in batch process solar disinfection. It does not appear that other researchers have 

not explicitly studied this effect.

8.2.2 Experim ental Set-up

D uring these experiments a one-litre bottle made o f borosilicate glass (Duran®) was 

filled with water and then inoculated with E. coli K-12 with an initial concentration of 

IxlO^’CFU/ml. The bottles were then placed under the solar simulator and exposed for 

up to 5 hours. The simulated solar UV intensity was kept constant at 3l.6W /m ". 

Sam ples were taken at discrete time intervals and all experiments were repeated at least 

twice.

Experim ents were carried out under four different illumination conditions, continuous 

illum ination (O'), intermittent illumination of 4 seconds (4 O) with 8-second dark
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phases (8 • ) ,  intermittent illumination o f 4 seconds (4 -0) with 16-second dark phases 

(16 • ) ,  intermittent illum ination of 4 seconds (4 with 32-second dark phases (32 •). 

The shutter of the solar simulator was connected to a signal generator as described in 

Section 3.3.1 in order to create the four different regimes.

Control samples were left in the dark throughout all experim ents to ensure inactivation 

was due to exposure to simulated solar radiation alone. The samples were enum erated 

as outlined in Section 3.6.4 and inactivation kinetics determined as described in Section 

3.7.

8.2.3 Re.sults and Discussion

Representative data from the laboratory trials using four different illum ination regimes 

are presented in Figure 8.1. All plots show an average of at least two experim ents.

From Figure 8.1(a) it can be seen that the most efficient illumination regime (when 

inactivation was plotted for experimental time) is the experim ents carried out under 

continuous illumination. Calculated inactivation rate constants were calculated to be 

0.069m in ' (+0.04, 95% Cl), 0.023 min ' (+0.002, 95% Cl), 0.020 min ' (+0.02, 95% Cl) 

and 0.013 m in'' (+0.02, 95% Cl), for the «> ), (4<5-: 8«), ( 4 0 :  16«) and ( 4 0 :  32*) 

regim es respectively. These results would obviously agree with conventional solar 

disinfection theory i.e. the higher the solar dose the higher the rate of disinfection.

W hen these results are plotted against actual illumination time it seems that the 

experim ents in which there were longer dark phases are more efficient per minute of 

illum inated time. Inactivation rate constants were calculated to be 0.069m in ', 0.070 

min ', 0.100 min ' and 0.120 rnin '', for the (O ), ( 4 0 :  8»), (4 0 :  16«) and ( 4 0 :  32«) 

regim es respectively. These results are summarised in Table 8.1 below along with the 

inactivation rate constants calculated for dose ( Q a i i i u m ) -

Regime ^ O a  i l ium (1-l̂ J ) ko (l-kJ ) k, (min"') k,i l i um,  (min"')
2.32 2.32 0.07 0.07

4 0  : 8» 2.35 0.78 0.02 0.07
4 0 :  16» 3.32 0.66 0.02 0.10
4 0  : 3 2 • 3.86 0.43 0.01 0.12

Table 8.1: Inactivation rate constants calculated for different illumination regimes based 

on dose Q a i i i u m .  experimental time and actual illumination time.
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Figure 8.1: Comparison o f four different illumination regimes plotted as (a) inactivation 

o f E. coli K-12 against experimental time and (b) inactivation o f E. coli K-12 against 

actual illumination time. Note: error bars are only shown on one line for clarity.
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Sim ulated solar UV doses required to achieve 1-log inactivation were calculated for 

each illum ination regime based on Qa mum- The dose required to achieve 1-log 

inactivation calculated for the continuously illum inated sample (-O') was 0.99kJ/l, 

whereas a similar dose o f 0.97kJ/l was required for samples during the (4-C>: 8») 

regime. The experiments that had longer dark phases required only 0.69kJ/l and 0.6kJ/l 

((4-C>: 16«) and ( 4 0 :  32») respectively). The results are presented in Figure 8.2 below.

•  4< > ;1 6 «  

♦ - 4 < >  :32«

Z  -4

42 30
Q a  i l l u m ( k J / l )

Figure 8.2: Comparison of four different illumination regimes plotted as inactivation of 

E. coli K-12 against Cumulative simulated solar UV dose, Q a i i i u m -

These results suggest that a mechanism o f inactivation may be taking place which 

continues in a dark phase. The interruption of illumination has been investigated with 

conflicting results; intermittent illumination has been reported to reduce B. pum ilus 

spores and MS2 bacteriophage more effectively than continuous exposure to UV 

radiation (Pham et al., 1995; Laot et al., 1999) but Bacteriodies frag ilis  requires more 

illum ination time when exposed to intermittent illumination (Laot et al., 1999). The 

main advantage of this mechanism is that the solar disinfection reactor would require 

less reflective material (i.e. more dark zones).
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8.3 Illuminated-Dark Ratio in Batch Process Solar 
Disinfection
8.3.1 Introduction

The purpose of these experim ents was to investigate the effect o f introducing a variety 

o f different illum ination regimes with relatively short illuminated or dark phases into 

the batch solar disinfection process. Illuminated phases consisted o f short bursts of 

between I and 4 seconds with intervening dark periods. These experim ents were also 

carried out using batch process solar disinfection under simulated solar radiation.

8.3.2 Experimental Set-up

During these experiments a one-litre bottle made of borosilicate glass (Duran®) was 

filled with water and then inoculated with E. coli K-12 with an initial concentration of 

lxlO"'CFU/ml. The bottles were then placed under the solar simulator and exposed for 

up to 6 hours. The simulated solar UV intensity was kept constant at 31.6W/m". 

Sam ples were taken at discrete time intervals and all experiments were repeated at 

twice.

Experim ents were carried out initially under four different illumination conditions, 

continuous illumination (O ), interm ittent illumination of 1 second with I-second dark 

phases ( lO :  I*), intermittent illumination of 2 seconds with 2-second dark phases (20": 

2») and intermittent illumination of 4 seconds with 4-second dark phases (4-0': 4»). 

During each regime the total illumination was kept at one half o f the total experimental 

time.

Second sets o f experim ents were earned out with illumination time being a total o f one 

third o f the total experimental time. Experim ents were carried out under three different 

illum ination conditions, continuous illumination (O'), intermittent illum ination of 1 

second with 2-second dark phases (lO^: 2«) and intermittent illum ination o f 2 seconds 

with 4-second dark phases ( 2 0 :  4»).

The shutter o f the solar simulator was connected to a signal generator as described in 

Section 3.4.1 in order to create the different regimes.

Control samples were left in the dark throughout all experiments to ensure inactivation 

was due to exposure to simulated solar radiation alone. The samples were enum erated 

as outlined in Section 3.6.4 and inactivation kinetics determined as described in Section 

3.7.
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8.3.3 Results and Discussion

Representative data from the laboratory trials using four different illum ination regimes 

are presented in Figure 8.3. All plots show an average of at least two experim ents.

From Figure 8.3(a) it can be seen that when the results are plotted as inactivation 

against experimental time the continuous illumination regime seems to be most efficient 

in term s o f solar disinfection with a calculated inactivation rate constant o f 0.033min"'. 

The intermittent regimes were less efficient with a calculated inactivation rate constant 

o f 0.02min ' for all regimes. W hen these results are plotted against actual illumination 

tim e the order of efficiency o f the experim ents was intermittent illum ination of 

4«), ( 2 v :  2») with both (-O') and the (10^: ! • )  being least efficient. Inactivation rate 

constants were calculated to be 0.033min '(±0-01, 95% Cl), 0.032 m in '' (±0.0002, 95% 

Cl), 0.040 min ' (+0.003, 95% Cl) and 0.050 min '(±0.01, 95% Cl), for the «5-), (1<>: 

1«), (2<^: 2») and (40^: 4* ) regim es respectively. These results are sum m arised in 

Table 8.2 below along with the inactivation rate constants calculated for dose ( Q a i i i u m ) -

Regime ^ O a  i l i u m  (l*kJ ) k o ( l . k j ' ) k, (m in '') ( ^ i^  )
V 1.11 1.11 0.03 0.03

1<> ; [ • 1.15 0.57 0.02 0.03
2 < > ;2 » 1.33 0.67 0.02 0.04

4 < > :4 « 1.51 1.23 0.02 0.05

Table 8.2: Inactivation rate constants calculated for different illumination regimes based 

on dose Qaiiium> experimental time and actual illumination time.

Sim ulated solar UV doses required to achieve 1-log inactivation were calculated for 

each illumination regime based on Qa inum- The dose required to achieve 1-log 

inactivation calculated for the (^J) sample was 2.07kJ/l, whereas a sim ilar dose of 

2.01RJ/1 was required for samples illuminated under the (1<!>: 1*) regime. The 

experim ents that had longer dark phases required only 1.53kJ/l and I.72kJ/l ((4-0-: 4») 

and (2v^: 2«) respectively).
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Figure 8.3: Comparison of batch process solar disinfection subjected to four different 

illum ination regimes plotted as (a) inactivation of E. coli K-12 against experimental 

tim e and (b) inactivation of E. coli K-12 against actual illumination time.
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Figure 8.4: Comparison o f four different illumination regimes plotted as inactivation of 

E. coli K-12 against cumulative simulated solar UV dose, Q a i i i u m -

These results suggest that the intermittent regimes are more efficient than a system that 

is exposed continually to solar radiation. The ( lO :  1») regime promoted almost the 

same disinfection kinetics as that for continuous radiation suggesting that either the 

“flash” was too short for the bacteria to be affected by this mechanism i.e. that this 1 

second dark period was so short that it approxim ated a continuous illumination regime. 

Representative data from the laboratory trials using the second three illumination 

regim es are presented in Figure 8.5. All plots show an average of at least two 

experim ents.

From Figure 8.5(a) it can be seen that when the results are plotted as inactivation 

against experim ental time, the (v) regime seems to be most efficient in terms of solar 

disinfection with a calculated inactivation rate constant of 0.033min '. The intermittent 

regim es were less efficient with a calculated inactivation rate constant o f 0.014min ' for 

the ( 1 -C > : 2«) regime and 0.015min ' for the ( 2 0 :  2»).
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When these results are plotted against actual illumination time the order o f efficiency o f 

the experiments once again changes with the intermittent illumination experiments 

performing better. Inactivation rate constants were calculated to be 0.033min '(±0.01, 

95% Cl), 0.04 min’ ’ (+0.0006, 95% Cl) and 0.045 min ' (±0.0027, 95% Cl) for the (O), 

(1%J: 2») and (2iJ: 4») regimes respectively. These results are summarised in Table 8.3 

below along with the inactivation rate constants calculated for dose (Q a iiiu m )-

Regime k o a  ilium ( k k j  ) k o  O - k J - ' ) k ,  (min ') k . n i u m .  (min"')

<> 1.11 1.11 0.03 0.03

1<> : 2« 1.37 0.46 0.01 0.04

2 v  : 4« 1.49 0.49 0.02 0.05

Table 8.3: Inactivation rate constants calculated for different illumination regimes based 

on dose Qaiiium̂  experimental time and actual illumination time.

Simulated solar UV doses required to achieve 1-log inactivation were calculated for 

each illumination regime based on Qa iiium- The dose required to achieve 1-log 

inactivation calculated for the (O ) sample was 2.07kJ/l, whereas a dose o f 1.68kJ/l was 

required for samples illuminated for (l-O". 2«). The experiments which were carried out 

with the (2-C>: 4») regime had a calculated inactivation rate constant o f 1.491/kJ and 

required only 1.55kJ/l to achieve 1-log inactivation.

These results suggest that the intermittent regimes are more efficient than a system that 

is exposed continually to solar radiation. The (2 0 : 4«) regime promoted the most 

efficient disinfection kinetics o f the three illumination regimes, 1.3 times more efficient 

than the (-C>) sample. The (1-C>: 2») regime proved to be 1.2 times as efficient as the 

(O ) sample. In theory intermittent regimes should promote more efficient inactivation 

kinetics in all types o f solar disinfection processes not just batch process solar 

disinfection on which these trials are based. The effect of intermittent illumination on 

continuous flow solar disinfection is explored in the next section.
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Figure 8.6: Com parison of three different illumination regimes plotted as inactivation of 

E. coli K-12 against cumulative simulated solar UV dose, Q a i i i u m -

8.4 Intermittent Illiimination and Continuous Flow Solar 
Disinfection

8.4.1 Introduction

The purpose o f these experim ents was to investigate the effect of introducing a variety 

o f different illumination regimes with relatively short illuminated or dark phases into 

the continuous flow solar disinfection process. The pilot scale solar continuous flow 

reactor at PSA (as described in Section 3.3.3) was used in a number o f configurations 

with 1.5m^ and lm “ of the reactor exposed at any one time. These experim ents were 

carried out at PSA during June 2004.

8.4.2 Experimental Set-up

During these experiments 35 litres of distilled water was inoculated with E. coli K-12 in 

a concentration of IxlO^CFU/ml and admitted into the reactor. The reactor was kept 

com pletely covered for ten minutes to ensure a complete mix was achieved and uniform 

concentrations of bacteria existed in the reactor. Sampling was carried out every 5
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m inutes with controls left in the dark throughout the experim ents to ensure inactivation 

was due to exposure to simulated solar radiation alone. The samples were enum erated 

as outlined in Section 3.6.4 and inactivation kinetics determ ined as described in Section 

3.7.

Tw o separate sets of experim ents were carried out, one set using 1.5m“ of reactor and 

one using Im^ of reactor. Four systems of “flashes” were set up in the reactor for each 

set o f experim ents by covering parts o f the reactor in black plastic in order to introduce 

dark phases. Figures 8.7 and 8.8 show the reactor configurations for the 1.5m^ and lm “ 

reactor configurations. The “flashes” ranged for 1 second to 15 seconds and are 

described in Table 8.4 below. The time spent in the reservoir was not included as a 

flash as this was common to all experiments. The flowrate was kept constant at 201/min 

in all experim ents. The time spent in the reservoir was not included as a flash as this 

was com m on to all experim ents (Table 8.4).

Area Regime Light (secs) Dark (secs) Nr. of Flashes Reservoir (secs)

0 34.0 34.0 1 38.0

2 .8 0 :  2.8* 2.8 2.8 12 38.0
1.5m-

5 .7 0  : 5.7* 5.7 5.7 6 38.0

8 .5 0  : 8.5* 8.5 8.5 4 38.0

0 22.7 45.3 1 38.0

2 .8 0 :  5.7* 2.8 5.7 8 38.0
lm“

0 .9 0 :  1.9* 0.9 1.9 24 38.0

7 .6 0  : 15.1* 7,6 15.1 3 38.0

Table 8.4: Intermittent Illumination regimes for the pilot-scale reactor.
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Figure 8.7; Pilot-scale reactor configurations for the 1.5m^ experim ents (yellow=light, 

grey=dark). Regime (a) (340-: 3 4 « )[0 ] , (b) (2.8-0-; 2.8»), (c) (5.7<)-: 5 .7*) and (d) 

(8 .5 0 :  8.5«).
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Figure 8.8; Pilot-scale reactor configurations for the Im experim ents (yellow=light, 

grey=dark). Regime (a) (22.7 v :  45 .3«) [ >], (b) (2 .8 0 : 5 .7«), (c) (0.9</: 1.9«) and (d) 

(7.6<>: 15 .U ).
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8.4.3 Results and Discussion

Representative data from the laboratory trials using four different illum ination regimes 

and 1.5m^ o f reactor are presented in Figures 8.9 and 8.10. All plots show an average of 

at least two experiments.

From Figure 8.9(a) it can be seen that when the results are plotted as inactivation 

against experim ental time the (2.80^: 2.8«) regime (as described in Figures 8.7 (b)) 

seem s to be most efficient in terms of solar disinfection with a calculated inactivation 

rate constant o f 0 .16min '. The (8 .5 0 : 8.5*) regime, (c), was least efficient with a 

calculated inactivation rate constant o f 0.066min ' with the (-C>), (a), and (5.7-C>: 5 .7«), 

(c), being in the middle with calculated inactivation rate constants o f 0.075m in‘' and 

0. l l mi n  ' respectively. This order of efficiency was preserved when the results were 

plotted as inactivation o f E. coli K-12 against illumination time (Figure 8.9(b)). 

Inactivation rate constants were calculated to be 0.233min '(+0.01, 95% Cl), 0.514 m in' 

' (±0.001, 95% Cl), 0.33 min ' (±0.01, 95% Cl) and 0.205 min ' (+0.01, 95% C l), fo rth e  

(O'), (2 .8 0 : 2 .8»), (5 .7 0 : 5.7«) and (8 .5 0 : 8.5«) regimes respectively.

These results are summarised in Table 8.5 below along with the inactivation rate 

constants calculated for dose (Qa inum) and dose (Qa).

Regime lk>a ilium ) k o a  d - k J * ') k o (l.k J ') k, (min ') ktiiium. (min )
7.72 2.47 0.80 0.08 0.23

2.8<:> : 2 . 8 « 16.09 5.15 1.67 0.16 0.51
5 .7 ^  : 5,7* 11.56 3.70 1 .2 0 0 .1  1 0.33
8 .5 0  ; 8.5» 6.71 2.14 0.70 0.07 0 .2 1

Table 8.5: Inactivation rate constants calculated for different illumination regimes based 

on dose Qaiiium and Qa, experimental time and actual illumination time.

Sim ulated solar UV doses required to achieve I-log inactivation were calculated for 

each illumination regime based on Qa iUum- The dose required to achieve 1-log 

inactivation calculated for the (O ) sample was 0.30kJ/l, whereas a dose of 0 .14kJ/l was 

required for the (2 .8 0 : 2.8«) regime, which consisted o f the shortest flash time. The 

(5 .7 0 :  5.7») and (8 .5 0 : 8.5«) regimes required 0.20kJ/l and 0.34kJ/l o f solar radiation 

respectively in order to achieve results. Therefore the (2 .8 0 : 2 .8*) regime seem ed to 

prom ote the most efficient results. These results are shown in Figure 8.9(b) along with 

results plotted for dose calculated as Qa, (a).
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Figure 8.9; Comparison o f continuous flow solar disinfection subjected to four different 

illumination regimes plotted as (a) inactivation o f E. coli K-12 against experimental 

time and (b) inactivation o f E. coli K-12 against actual illumination time, for the 1.5m^ 

reactor.
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These resuhs agree with Section 8.2 where intermittent illumination over the 1.5m“ area 

promoted more efficient solar disinfection than a continuously illuminated 1.5m‘ area 

reactor. From these results it seems that the shorter the “flash” period the more effect 

the intermittent illumination has on the disinfection process, the 2.83 second “flash” 

producing the most efficient results.
2  • •These experiments were repeated using a Im illuminated area and varying intermittent 

illumination regimes as described in Table 8.4. The results are presented in Figures 

8.11 and 8.12 below. Inactivation rate constants were calculated for experimental time, 

illumination time, Qa and Qaiiium and are presented in Table 8.6 below.

Regime l̂ Oa i lium ( 1 - k J  ) ko ( i .k r ‘) k, (min ') k,i l ium. (m in ‘)
"O ' 27.95 1.94 0.11 0.53

2.8<>: 5.7* 34.57 2.40 0.13 0.61
0.9<> : 1.9* 52.62 3.70 0.21 0.97

7 .6 0  : 15.1# 35.43 2.50 0.15 0.71

Table 8.6: Inactivation rate constants calculated for different illumination regimes based 

on dose Q a i i i u m  and Q a ,  experimental time and actual illumination time.

From Figure 8 .1 1(a) it can be seen that when the results are plotted as inactivation 

against exjjerimental time the (0 .90 : 1.9«) regime (as described in Figure 8.7 (c)) 

seems to be most efficient in terms of solar disinfection with a calculated inactivation 

rate constant of 0.207min '. The (O ) regime which consisted of lm“ of continuous 

illumination was least efficient with a calculated inactivation rate constant of 0 .1 14min ' 

with the (2 .8 0 : 5.6«),(b) and (7.5<^: 15.1«), (d) being in the middle with calculated 

inactivation rate constants of 0.13min ' and 0 .15min ' respectively. This order of 

efficiency was preserved when the results were plotted as inactivation of E. coli K-12 

against illumination time (Figure 8.11 (b)). Inactivation rate constants were calculated 

to be 0.53min '(±0.06, 95% Cl), 0.61 min ' (+0.18, 95% Cl), 0.97 min ' (+0.05, 95% Cl) 

and 0.71 min ' (+0.18, 95% Cl), for the «>), (2.8<>: 5.7*), (0.9<>: 1.9«) and (7.6<>: 

15.1«) regimes respectively. These results are summarised in Table 8.6 above along 

with the inactivation rate constants calculated for dose ( Q a i i i u m )  and dose ( Q a ) .
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Simulated solar UV doses required to achieve 1-log inactivation were calculated for 

each illumination regime based on Qa iiium- The dose required to achieve 1-log 

inactivation calculated for the (O ) sample was 0.39kJ/l, whereas a dose of 0.205kJ/l 

was required for illumination regime (0.9<!>: 1.9«), which consisted of the shortest flash 

time. Regimes (2.80-'. 5.7») and (7.60'. 15.1*) both required 0.31kJ/l of solar radiation 

in order to achieve similar results. Therefore the (0.9-0: 1.9«) regime seemed to 

promote the most efficient results. These results are shown in Figure 8 .12(b) along with 

results plotted for dose calculated as Qa, (Figure 8.1 (a)).

These results agree with the previous sections where intermittent illumination promoted 

more efficient solar disinfection than a continuously illuminated sample. From these 

results it also seems that the shorter the “flash” period the more effect the intermittent 

illumination has on the disinfection process, the 1 second “flash” producing the most 

efficient results.

It is interesting to note that experiments carried out using lm “ of the reactor produced 

more efficient results than those carried out using 1.5m" of reactor. Average solar 

intensities were similar during both sets of experiments - 32W /m' and 35W/m" 

respectively. Examining the continuously illuminated experiments (negating the 

reservoir) the lm “ configuration was 1.5 times more efficient than the 1.5m' 

configuration when comparing inactivation coefficients based on experimental time and 

2.2 times more efficient when compared using actual illumination time. This 

contradicts other research which suggests that having an interruption during 

illumination favours defence mechanisms and therefore increases time required for 

inactivation (Rincon and Pulgarin, 2003). This supports the theory that a longer dark 

period following illumination aids bacterial inactivation (Section 8.2). It is also 

important to reiterate that the effect of the reservoir is not taken into account as it is 

common to all experiments and would have a dampening effect on inactivation, so it is 

reasonable to assume that the disinfection efficiency of all experiments would increase 

if the reservoir was not present. It is also important to note that during control 

experiments carried out under no illumination no bacterial inactivation took place 

discounting the theory that system elements themselves, for example, the pump, play a 

part in inactivation.

The results presented above suggests that the shorter the “flash” the more efficient the 

disinfection capacity. Disinfection using pulsed light or flash lamps is not a new idea 

but previous research has concentrated on exposing samples to very intense UVC or
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2
broad-spectrum light (0.25-2 J/cm ) for short durations of approximately 200 (j.s. This 

has two effects: the standard germicidal action of UVC and rupture and disintegration of 

micro-organisms through overheating after absorption of all the incident UV photons 

emitted in the light pulse (Wekhof et a i,  2001; Marquenie et al.\ 2003a,b, McDonald et 

a i,  2000; Roberts and Hope, 2003; Takeshita et al., 2003). In the experiments 

described above the “flashes” are much longer at 1 or 2 seconds which has not been 

reported to produce this overheating effect in bacteria. If this phenomenon was 

occurring the total experimental time would be much less as according to the literature 

only a short amount of pulses are required. 1 pulse has been reported to achieve 2-12 

log reduction in E. coli depending on pulse intensity (Wekhof, 2000). It is interesting to 

note that in the research described above pulse intensity ranged from 4x10“ to 3x10^ 

times more intense than those intensities used in this study. It is therefore assumed that 

a shock mechanism occurs in the above experiments where the alternating light/dark 

regimes add an additional stress to the bacteria making them more susceptible to the 

effect of solar UV radiation. This additional stress when added causes behaviour 

similar to the addition of heat where the combination of stresses promotes more 

effective disinfection efficiency. Shorter flash times allow less recovery time between 

flashes and therefore more effective disinfection. In the 1.5m“ experiments the shortest 

flash was 2.8 seconds of illumination and 2.8 seconds of darkness which proved to be 

2.1 times more efficient than the continuously irradiated area experiments when 

compared using experimental time and 2.2 times more efficient when compared using 

illuminated time. In the Im experiments the shortest flash was 0.9 seconds of 

illumination and 1.9 seconds of darkness, which proved to be 1.8 times more efficient 

than the continuously irradiated area experiments when compared using experimental 

time and illuminated time.

From these results it seems that an optimum balance exists between frequency of flash, 

length of flash and a following dark period. During continuous flow experiments the 

most efficient light regimes were those consisting of the shortest flash times, which 

agreed with the batch experiments described in Section 8.3. However, the results of the 

batch trials described in Section 8.2 suggest that a longer dark period after illumination 

aids bacterial inactivation suggesting that inactivation carries on in the dark, possibly to 

a greater extent than during illumination (it is important to note that the batch trials only 

examined illuminated periods of up to 4 seconds). It is important to remember that the 

time spent in the reservoir during continuous flow experiments was effectively
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mimicking this daric period in earlier batch experim ents, suggesting that a series of short 

flashes followed by a longer dark period as one cycle would provide the most efficient 

disinfection kinetics.

8.5 Concluding Remarks
Intermittent illumination regimes have a positive effect on the solar disinfection 

process. The efficiency of batch process disinfection is enhanced up to 1.3 times by 

introducing a flash of illumination into the disinfection process. During batch process 

experiments shorter flashes of illumination followed by short dark periods produced the 

best results.

During continuous flow experiments an illuminated area of lm “ produced better results 

than illuminating an area of 1.5m“ suggesting that a dark period is beneficial in the 

disinfection process. These results agreed with batch experiments.

W hen flashes were introduced in continuous flow disinfection experim ents both 1.5m“ 

and lm “ experim ents showed an improved disinfection capacity. Shorter flash times 

proved to be most efficient in both reactor configurations. In all experim ents flash 

times of between 1 and 4 seconds produced the most efficient results. It is suggested 

that the flashes cause a shock mechanism to the bacteria, which enhances normal solar 

disinfection mechanisms.
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CHAPTER 9

F u l l  S c a l e  D e s i g n



9.1 Introduction
The aim of this research is to provide a safe water supply for com m unities in developing 

countries. This chapter attempts to use the results found in previous chapters to produce 

a scaled-up design to supply drinking water for a small community in a developing 

country. Here the results from the 3m pilot-scale reactor and the sm all-scale parabolic 

reactor are used in order to provide a basis for a scaled-up design. The pilot-scale 

reactor is a compound parabolic collector system as described in Section 3.2.3 and the 

small-scale compound parabolic reactor is described in Section 3.3.2 (the com pound 

parabolic reactor was found to be the most efficient collector type during the 

experim ental trials). The results have been based upon the dose param eter Qainum but 

can be adjusted for experimental time or illumination time if  necessary. The aim is to 

provide a series o f charts suitable for field use in developing countries.

9.2 Designing from the Experimental Results
For the design of a full-scale system a num ber of param eters need to be considered:

• The population to be served with drinking water, the quantity o f w ater required 

per person per day and hence, the total volume of water required per day.

• The operating hours of the solar disinfection system per day and the flowrate 

through the system.

•  The required pathogenic removal.

•  The required residence time of the contam inated water with the solar 

disinfection system to achieve this removal, i.e. insuring that the contam inated 

w ater receives the necessary dose to achieve this desired pathogenic removal, 

based on the incident radiation.

• The physical dimensions o f the system:

Absorber diameter, d.

Absorber length, La,

Aperture area, Aap.

It should be noted that the CPC unit used to obtain the experimental results had a half 

acceptance angle of 0a =90° (as discussed in Section 3.2.4) and therefore systems 

designed using the following method should also be limited to systems with a half 

acceptance angle o f 90°. Also as an essential prerequisite the source o f  the water should
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be considered to determine whether tlowrates are feasible (i.e. from a handpump or 

river source).

9.2.1 Population Water Requirements and Operating Hours

Each person needs a minimum of five litres of water per day in order to survive. For 

basic needs this figure increases from five to fifteen litres per day. Basic water 

requirements are summarised in Table 9.1 below. However, it is also assumed that each 

person needs 20-60 litres of water per day in order to eradicate water washed diseases. 

It is important to note that the quantities of water needed for domestic use may vary 

according to the climate, the sanitation facilities available, people’s normal habits, their 

religious and cultural practices, the food they cook, the clothes they wear and so on. 

Water consumption generally increases the nearer the water source is to the dwelling 

(Cairncross and Feachem, 2000, The Sphere Project, 2004).

Survival Needs Quantity Other Factors
Water intake: 
drinking and food 2.5-3 litres per day

Depends on: the 
climate and individual 
physiology

Basic hygeine 
practices 2-6 litres per day

Depends on: social and 
cultural norms

Basic cooking 
needs 3-6 litres per day

Depends on: food 
type, social as well as 
cultural norms

Total basic water 
needs 7.5-15 litres per day

Table 9.1: Basic Water Requirements (The Sphere Project, 2004).

As well as deciding on the required quantity of water per head of population the 

operating hours of the system must be known in order to decide on the flowrate of the 

system. For the purposes of this design it was decided to hold the operating hours of the 

system constant at 6 hours per day. Therefore the value of incident solar radiation used 

for calculations must be exceeded for the entire duration of the operation. Figure 9.1 

relates to a study carried out in Haiti (Oates et a!., 2003) where a solar intensity of 

470W/m^ would be taken as the incident intensity over six operating hours from 9am to 

3pm. The peak solar intensity over this time is 800W/m“, demonstrating that this is a
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conservative estimate as well as taking into account that bacterial inactivation is not 

linearly proportional to solar intensity, as discussed in Section 4.3. A  six-hour 

operating time also controls the flowrate within the system as a shorter operational time 

w ill promote larger flowrates, which could cause problems with system size as well as 

the rate o f supply possible from the water source.

f  eoo

® 400
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100  ■

1210 14 ieo

Loca Hours a*:e ' M dn ig n :

Figure 9.1: Variation o f Solar Radiation Intensity throughout the day- Haiti (Oates et 

a L  2003).

The first design chart is a plot o f population against required flowrate through the 

reactor depending on the volume of water required per person per day.
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Figure 9.2: Determination o f flowrate depending on water requirements and population 

for a six-hour operation time.
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W hen a flowrate has been calculated a second chart could be used to incorporate a 

factor of safety in order to account for water spillage or wastage.
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Figure 9.3: Determination of a new flowrate depending on the required factor o f safety.

From Section 4.2 it was decided that the flow regime of the system should be kept 

turbulent in order to ensure complete mixing within the system and promote an even 

dose distribution to the bacteria present. Therefore the Reynolds num ber should be kept 

above 4000. The Re num ber is calculated using Eq. 9.1 and the design chart shows the 

smallest diam eter o f absorber necessary to achieve a turbulent flow regim e for a 

particular flowrate.

Re = —  (9.1)
V

W here v is the velocity within the absorber, m/s, d is the absorber diameter, m, and u is 

the kinematic viscosity, m“/s.
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Figure 9.4: Determination of a diameter based on a turbulent flow regime.

9.2.2 Pathogenic Removal and Dose

In order to design a system where a specific bacterial removal is required some 

correlation between the results obtained in the experimental trials and a com plete 

system must be obtained. The inactivation rate constant ( k < , a i i i u m )  describes the 

disinfection kinetics and was plotted against intensity for all experim ents involving the 

pilot-scale reactor and the small-scale parabolic reactor. The inactivation rate constants 

were determ ined by calculating the individual rate constants for each cum ulative dose 

step relative to the initial bacterial concentration in order to obtain a relationship with 

which a complete system of varying size could be designed. The main difference 

between the two reactors was the diam eter of their absorber tubes (pilot-scale= 29.4mm; 

sm all-scale=9.6m m ). The relationship between the two regression lines (Figure 9.5) 

reveals that the shallower depth of water in the small-scale reactor prom oted much 

better disinfection kinetics than the deeper water in the pilot-scale reactor. Hence, a 

relationship between the inactivation rate constant and intensity has been developed 

based on a linear relationship between absorber diameter (i.e. water depth) and the dose 

kinetic, (kQamum), (Eq. 9.2).

Î Q„iUu", = —  J -  (9 -2 )
- -  X  —

•̂ 1 d,.

182



where, I is the intensity o f the incoming radiation, d is the absorber tube diameter, dps is 

the diameter of the absorber tube in the pilot scale reactor, dss is the diameter o f the 

absorber tube in the small-scale reactor, xi is the relationship between kgainum and 

intensity for the small-scale diameter line in Figure 9.5 and X2 is the relationship 

between kgaiHum and intensity for the pilot-scale line as show in Figure 9.5. The scatter 

o f the results for the small-scale system can be mitigated by apply factors o f safety 

during the design process
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Figure 9.5: A comparison of the small-scale compound parabolic reactor and pilot scale 

reactor as a function o f dose kinetic kq̂ iiium and intensity.

From Figure 9.5 and Eq. 9.2, a graph o f kqaiiium against intensity can be plotted for 

different diameter absorbers (Figure 9.6).
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Figure 9.6: Dose kinetic kt,aiiium against intensity for different absorber diameters.
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The slope of the regression line gives an empirical formula created between kqaiiium and 

the solar radiation intensity.

K.Q aillum = x l (9.3)

From Figure 9.6 above it can be seen that for each diam eter a value for x can be 

evaluated. This equation (9.3) can then be used with Eq 9.4 below to calculate the dose 

(Qaillum) required for a specific log-removal. Here the design charts have been 

form ulated to remove 6-log o f E. coli K-12. It should be noted therefore that this does 

not necessarily ensure a 6-log removal of all pathogenic organisms as each organism 

has a different resistance to solar radiation. The relative resistance of other organism s 

to solar radiation has been discussed in Section 4.5 and this method could then be 

adapted to suit any of these organisms. It is also unlikely that a water source would 

contain higher concentrations than 1x10^ CFU/ml o f any organism and so this estimate 

is considered to be fairly conservative as typical surface water contam ination would be 

more in the order lO^CFU/ml faecal coliforms (Conroy et al., 1996).

The dose required to achieve the requisite log removal is calculated from the following 

equations;

Therefore the dose required at a specific solar intensity for each specific diam eter can be 

calculated as shown on Figure 9.7.

N
L N  = kQ (tilhim (9.4)

( /  X x )  = (9.5)

Substituting for k,

■ailluin x x l
(9.6)
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Figure 9.7: Determination of the required dose, Q aiiium  , for a 6-log removal o f E. coli 

K-12.

The residence time required in the reactor can then be determined using Eq. 9.7 and 

Figure 9.8 below.

At
V

(9.7)

where At is the tim e required for inactivation, Aab is the plan area of the absorber and V 

is the volume of the absorber.

W hen determining the residence time from the chart, if a value falls in between two 

divisions (e.g. 8 minutes), the number of the next largest should be taken as a design 

value (e.g. 10 minutes), which provides an extra factor of safety in the design. These 

FOS will also take the varying resistances o f different microorganisms and varying 

initial concentrations into account as the required exposure time is increased to ensure 

com plete removal o f all pathogenic organisms.
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Figure 9.8; Determination o f require residence time (min)

9.2.3 Physical Parameters

The physical param eters of the system, such as absorber diameter, absorber length and 

aperture area can now be calculated. The total system volume, V, can then be 

calculated using the flowrate, Q, and a specific residence time, t, from Eq. 9.8.

V = Q x t  (9.8)
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Figure 9.9: Determination of total system volume based on the flowrate and the required 

residence time.
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T h e ab so rb er length. La, can then be calcu lated  for specific absorber d iam eters u sing  th e  

to ta l vo lum e, V, (Eq. 9.9).

V
(9-9)
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Figure 9 .10: D eterm ination  o f  absorber length based  on the total system  volum e fo r 

specific ab so rb e r diam eters.

F inally , the aperture area, Aap, o f  the co llec to r can  then be ca lcu lated  for specific 

ab so rber d iam eters based  on the required  absorber length using E quation  9.10 below .

K p  = {d + ^ m m  )x  ; r  X (9 .10)
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Figure 9.11; D eterm ination  o f  co llec to r aperture area based on the abso rber length  for 

specific ab so rb er diam eters.
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9.3 Using the Design Charts
This section goes through the step-by-step design o f a solar disinfection system for a 

village in a developing country. The following parameter details have been assumed for 

a typical location at a tropical latitude:

• The village has a population o f 200 people.

•  Each person requires 15 litres of water a day for drinking, washing and cooking.

•  Recordings o f daily solar intensity were taken and found to exceed a value o f 

600W/m“ (30Wuv/m^) for the peak 6 hours o f the day

Step 1

For a population o f 200 people at 15 1/head/day a value o f 500 litres/hour is obtained for 

the flowrate, as shown in Figure 9.12.
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Figure 9.12: Obtaining the flowrate

A factor o f safety o f 1.2 is applied to the design and so the design flowrate to be used is 

600 litres/hour (Figure 9.11).
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Figure 9.13: Obtaining the design flowrate 

Step 2

The required diameter to achieve turbulent flow is found to be 55mm so a diameter of 

50mm w ill be used for design. (Note; the next largest diameter according to standard 

sizes should be adopted).
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Figure 9.14: Obtaining the diameter
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Step 3

The required dose for 6-log removal is found to be 0.2kJ/l for a diam eter o f 60mm and 

an intensity of 30W uv/m .
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Figure 9.15: Obtaining the required dose

Step 4

The required residence time to achieve a dose of 0.20kJ/l is found to be 6 minutes, so a 

design residence time of 10 minutes is used.
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Figure 9.16: Obtaining the residence time
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Step 5

A total system volume of 100 litres is obtained from Figure 9.17 and the required 

residence time o f 10 minutes
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Figure 9.17: Obtaining the total system volume.

Step 6

An absorber length o f 50m is obtained from Figure 9.18 for a system volume o f 100 

litres and a diameter o f 60mm.
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Figure 9.18: Obtaining absorber length.
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Step 7

An aperture area o f 8m^ is obtained from Figure 9.19 for a system length o f 50m and a 

diameter o f 50mm.
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Figure 9.19: Obtaining the aperture area.

So the system needed to supply 15 litres o f clean water per person per day to 200 people 

in a village with a solar intensity o f 600W/m" has the following specifications:

• Aperture Area= 8m'

• Absorber diameter= 50mm

• Absorber Length= 50m

These are the main parameters necessary for sizing the system but after this stage other 

factors must be considered in order to assess the exact footprint o f the system. For 

example, in this case two possible scenarios would be to have one 50 metre length o f 

pipe or five 10m length pipes connected in series. The total headloss across the system 

also needs to be determined to achieve the design flowrate which w ill depend on the 

reactor configuration. Once this headloss is defined, balancing tanks w ill be required t 

maintain the head across the system i f  it is to be operated under gravity feed-the most 

suitable solution for such a technology.
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9.4 Concluding Remarks
A series o f design charts have been produced in order to provide a sim plified m ethod of 

designing solar disinfection reactors for specific situations.

In the worked example an area o f 16m does not seem prohibitive in terms o f ground 

space to provide clean w ater for a village of 200 people. Therefore, from these 

calculations it would appear that full-scale solar disinfection reactors could be a realistic 

option for the provision of drinking water in developing countries.
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C o n c l u d i n g  R e m a r k s  &  R e c o m m e n d a t i o n s



10.1 Conclusions
It is evident from the experim ents carried out that solar disinfection is achievable in a 

sufficient time to explore the applicability for use in a full-scale system  in a developing 

country.

• Relatively little difference was found between the three different flow  regimes 

tested, presumably due to the turning of the fluid at each bend in the reactor and the 

shallow water depths involved. Surprisingly results indicated that turbulent 

conditions were slightly less efficient than lam inar flow conditions, although this is 

thought to be more due to the frequency of exposure to sunlight in each particular 

reactor configuration than the actual flow regime. RTD analysis shows that the 

turbulent flow regime has a better mixing capacity, which also would be more 

critical in the design o f a once-through flow system.

• The results of the intensity experim ents indicate that inactivation kinetics are similar 

on exposure to certain threshold irradiances. These results also agree with the 

literature that there is a non-lineal dependence between bacterial inactivation rate 

and light intensity.

• Salm onella Typhimurium  was found to be approxim ately tw ice as resistant as E. coli 

K-12 to solar radiation and the relative difference between resistances did not 

change at lower intensities. The relative resistances of other m icroorganism s were 

assessed from literature and found to be, as follows, in order o f least to greatest 

resistance to solar disinfection:

Sh. dysenteriae < P. aeruginosa < Sh. flexneri < E. clocae < S. enteriditis < E. coli < 

Ent. faeca lis < coliform s< S. Typhimurium < Sh. Sonnei < M S-2 bacteriophage<  

Poliovirus < C. albicans < A. polyphage < F. solani < V. cholerae < Enterococci 

sp.< B. subtilis

• Both tubing types, borosilicate and soda lime glass perform ed equally under 

sim ulated solar conditions having equal inactivation rate constants. A fter time a 

loss in transm ission could occur due to impurities such as iron and hence it is 

recom m ended that a low-iron content borosilicate glass is used in a full-scale 

reactor.
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•  Continuous flow  solar disinfection was found to be more efficient than batch

process solar disinfection due to the actual exposure time being much shorter in the

continuous flow  reactor than in the bottle i.e. during continuous flow  experim ents 

the contam inated water was recirculated through a reservoir which was effectively  a 

dark zone, reducing the total illumination tim e o f the solution.

•  The reactor with the Compound Parabolic reflector performed consistently better

than the other three reactors with Parabolic, V -groove and no reflectors, both under

natural and sim ulated conditions as w ell as under low  intensity natural conditions.

•  There w as a marked different in performance under natural conditions compared  

with sim ulated conditions for all reactors. This could be due to spectral differences 

in the U V  and Infrared regions o f  simulated and natural solar conditions.

•  There also seem s to be a m echanism  other than the assum ed U V  dose mechanism  

related contributing to the disinfection process due to the presence o f  a dark phase 

in the continuous flow  process.

•  It is suggested  that inactivation kinetics be calculated according to absorber area and 

actual exposure time when comparing reactors o f  different areas and varying dark 

zones.

•  A slight enhancem ent o f  the disinfection process was found on addition o f  a low  

concentration (3m g/l) o f  TiO: to the pilot-scale solar disinfection reactor. H owever, 

these results do not indicate that an addition o f  a Ti0 2  suspension can be justified  as 

a sustainable solution for developing countries with its inherent requirement for an 

extra separation process before water consum ption.

•  The technique o f  using low  concentrations o f  TiO: fixed to a glass rod within the 

reactors demonstrated a moderate enhancem ent to overall disinfection efficiency in 

the Com pound Parabolic and V -groove reactors under both Spanish and Irish 

intensities. H owever, TiO: coated paper did not improve reactor performance, 

w hich could be due to a number o f  reasons including, excessive  OH radical 

generation leading to recombination, method o f  fixing and surface texture.

•  Post-irradiation regrowth was also exam ined for both solar disinfection and solar 

photocatalytic disinfection. After 24 hours although there was no appreciable
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regrowth in either system, a loss in culturable cells in samples of the photocatalytic 

systems suggests that an addition of TiOi could produce a residual effect.

• A clear advantage on having increased temperatures within the solar disinfection 

reactor was demonstrated. The additional stress of water temperature at 45°C 

caused a 20% increase in the efficiency of the Parabolic reactor.

• The change in volume in the Compound Parabolic reactor caused a decrease in solar 

disinfection efficiency. This is predominantly due to the absence of a dark zone, 

which suggests that solar disinfection is not solely dose dependent and that possible 

other mechanisms could exist.

• Intermittent illumination regimes have a positive effect on the solar disinfection 

process in terms of efficiency per unit dose received. The efficiency of batch 

process disinfection is enhanced up to 1.3 times by introducing a flash of 

illumination into the disinfection process. During batch process experiments shorter 

flashes of illumination followed by short dark periods produced the best results.

• During continuous flow experiments an illuminated area of lm “ produced better 

results than illuminating an area of 1.5m“ suggesting that a dark period is beneficial 

to the disinfection process. This phenomenon was also observed with the batch 

experiments.

• When flashes were introduced in continuous flow disinfection experiments both 1.5 

m“ and lm “ experiments showed an improved disinfection efficiency with respect to 

dose. Shorter flash times proved to be most efficient in both reactor configurations- 

in all experiments discrete flash periods of between 1 and 4 seconds produced the 

most efficient results. It is therefore suggested that the flashes cause an additional 

stress to the bacteria which enhances the normal solar disinfection mechanisms.

• A simplified design protocol for solar disinfection reactors based on these results 

has been developed which shows that reasonably sized solar disinfection reactors 

have a realistic potential for use in a developing country.

Overall, therefore, the experimental work carried out during this project shows that solar 

disinfection of contaminated water could be a valid solution for developing countries.
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10.2 Recommendations
It is evident from experimental work that there are additional factors which can affect the 

solar disinfection  process in a positive manner. It is suggested that a new  method o f  fix ing  

T 1O 2 to an inert surface which ensures that the contaminated water is in contact with a high  

dose o f  TiOz should be exam ined. This would ensure that the positive effects o f  suspended  

T i0 2  could be em ployed in a continuous flow  reactor. The potential benefit o f  a residual 

photocatalytic disinfection effect on the bacteria using T i0 2  should also be exam ined  

further. This w ould be particularly important if  the solar disinfected water is to be stored in 

a reservoir prior to use.

The results suggest that the design o f an oversized concentrating reactor could enhance the 

solar d isinfection  process by a synergistic solar U V  and temperature effect. These types o f  

reactors should be exam ined further in order to assess their overall benefit against the 

increased cost o f  a more com plex reactor. Alternatively an insulated reactor em ploying the 

greenhouse effect could be used to promote the same temperature increase.

The non-lineal dependence between bacterial inactivation and solar radiation intensity  

should be explored further in order to more accurately rationalise the disinfection kinetics 

o f  bacteria exposed  to many different solar intensities.

The stroboscopic m echanism  results indicate that an additional stress is placed on E. co li K- 

12 when a series o f  flashes is inbuilt into the disinfection system . Future work should focus  

on determ ining the optimum light to dark ratio. The required dark phases in a reactor 

would translate into a decrease in collector area which could therefore result in a decrease  

in the overall cost o f  a system .

It is also recom m ended that a full-scale system  be built in a developing country in order to 

carry out fu ll-sca le trials in a gravity-fed once-through system . This w ould assess the 

validity o f  such a technology under realistic water quality and operating conditions.
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APPENDIX A

S t a t is t ic a l  M e t h o d s



A.l Statistical Methods

1. M ean

T he m ean is the average o f  all observed  values. To ca lcu late  the m ean the observed  

values are added  and  then d iv ided  by the num ber o f  values.

w here,

X = the m ean

X = each  o f  the observed values 

n = num ber o f  values

M ean values o f  inactivation  kinetic constan ts are used throughout th is thesis as w ell as 

p lo ts show ing  the m ean value o f  observed  values in repeated experim ents.

2. S tandard  D eviation  

T he standard  dev iation  indicates the spread o f  deviations around  a m ean value. The 

standard  deviation  is defined as the square root o f  the variance o f  a data set (sum  o f 

squares o f dev iations from  the m ean divided by the num ber o f  observations m inus one).

3. S tandard  E rro r o f  the M ean 

T he standard  erro r o f  the m ean o f a sam ple is the estim ate o f  the standard  deviation  that 

w ould  be ob ta ined  from  the m eans o f  a large num ber o f  sam ples draw n from  that 

population .

T he erro r bars show n on all plots represent the standard  erro r o f  the m ean fo r each  

sam ple.

A
n

4. C onfidence Interval



The 95%  confidence interval is constructed such that 95% o f the intervals will include 

the true mean.

95% C / : x ± z
SD

w here z is dependent on the num ber o f samples and is found using the t-distribution 

tables.



APPENDIX B

S u m m a r y  o f  I n a c t iv a t io n  C o e f f i c i e n t s



B.l Simulated Solar Radiation
B. I . l  Small-Scale Parabolic Reactor: Simulated Solar Radiation (Flowrate)

Flow Regime kq (kJ-') k ,  (min ') kiiiium. (min ‘)

Laminar 1.13 0.08 0.44
Transitional 1.09 0.07 0.43

Turbulent 0.94 0.07 0.32

B. 1.2 Small-Scale Parabolic Reactor: Simulated Solar Radiation (Intensity)

Intensity (W /m“) k Q  ( k J - ' ) k ,  (min ') k , ilium. (m in ‘)

9.5 1.93 0,050 0.21
17.5 1.42 0.062 0.30
35.6 0.94 0.067 0.32

B .l .3 Sm all-Scale Parabolic Reactor: Sim ulated Solar Radiation (Indicator)

Indicator Intensity (W7m") ko (k j ' ) k, (min ') k,ilium, (min ')
E. coli 31.6 0.94 0.067 0.32

S. typhimurium 31.6 0.54 0.043 0.19
E. coli 9.5 1.93 0.050 0.21

S. typhimurium 9.5 0.88 0.020 0.10

B .l .4 Small-Scale Parabolic Reactor: Sim ulated Solar Radiation (Tubing)

Tubing Type ko (kJ-') k, (min ') k,iiiu„ (min ')
Pyrex 0.94 0.07 0.32

Soda Lime 0.94 0.07 0.32

B. 1.5 Small-Scale Parabolic Reactor: Simulated Solar Radiation (Batch/Continuous)

Process k o a  ( k j  ' ) k ,  (min ') ktiiium. (min ')
Batch 2.23 0.066 0.07

Continuous 2.74 0.067 0.31



B.2 Comparison of Solar Disinfection Reactors

B.2.1 Small-Scale Reactors under Simulated Solar Conditions

Reactor k o ( l . k j ' ) k t  (min ') k r i i i u m .  (min ')
C om pound Parabola 1.15 0.13 0.66

Parabola 0.94 0.07 0.41
V-Groove 0.59 0.06 0.34

No Reflector 1.82 0.05 0.26

B.2.2 Small-Scale Reactors under Natural Solar Conditions (PSA)

Reactor kg d .k j ') kgad-kJ-') k, (min ') ktiiium. (m in '')
C om pound Parabola 1.15 4.59 0.13 0.66

Parabola 0.94 2.74 0.07 0.41
V-Groove 0.59 2.34 0.06 0.34

No Reflector 1.82 1.82 0.05 0.26

8.2.3 Small-Scale Reactors under Natural Solar Conditions (Ireland)

Reactor k g d . k j ' ) k o ,  d . k J - ' ) k ,  (min ') k,i l i u m ,  (min ')
Com pound Parabola 1.96 7.79 0.25 1.32

Parabola 2.08 6.08 0.20 1.03
V-G roove 1.19 4.71 0.13 1.19

No Reflector 2.46 2.46 0.07 2.46

B.2.4 Compound Parabolic Small-Scale Reactor and Pilot-Scale Reactor 3m'

Reactor k o a ( l - k j ' ) k ,  (min ') k , ilium, (min ')
Compound Parabola 3.92 0.11 0.57

Parabola 2.90 0.07 0.36
V-Groove 2.42 0.04 0.21

No Reflector 1.68 0.03 0.18



C.2.5 Pilot-Scale Reactor 3m~ and hn

Reactor k g a  d - k J - ' ) k, (min ') k „ i i u m .  (m in ')

lm ‘ 16.16 0.34 1.63

3m“ 5.73 0.35 0.55

B.3 Solar Photocatalytic Disinfection

B.3.1 Pilot-Scale Reactor (I in') with Suspended TiOz

TiO j (mg/1) k o J l . k j ' ) koa i l i u m  (kkJ ) k, (m in '') k,i l i u m ,  ( m m ')
0 16.16 75.73 0.34 1.68
3 20.55 96.32 0.34 1.68
6 14.27 66.91 0.33 1.54
9 14.42 67.57 0.33 1.52

B.3.2 Small-Scale Reactor (Compound Parabolic) with Fixed TiOz (PSA)

Reactor TiO, k o .( lk j ' ) ^ O a i l l u m  ) k, (min ') kiiiium. (min )

CP
N 7.79 41.00 0.25 1.32
Y 8.88 47.27 0.20 1.05
N 6.08 32.01 0.19 1.02
Y 5.49 28.90 0.12 0.63

V
N 4.71 24.80 0.13 0.71
Y 6.06 32.29 0.16 0.83

8.3.3 Small-Scale Reactor (Compound Parabolic) with Fixed TiOz (Ireland)

TiO, k Q a ( l . k j ' ) k g a  i l i u m  ( k k J  ) k, (min ') k , , i i u m .  (min ')

None 3.92 20.63 0.08 0.40

Rods 4.19 22.28 0.08 0.40

Paper 3.26 17.36 0.06 0.32



B.4 Other Factors which Effect the Solar Disinfection 
Process

BA. 1 Small Scale Reactor (Parabolic) and Effect o f Temperature

Experiment ^ O a  i l i u m  ) k, (min ') (m in ')
UVA 32.0 0.19 1.02

UVA + 45°C 55.3 0.31 1.57
40°C - 0.05 -

45 °C - 0.23 -

50°C - 0.90 -

B.4.2 Small Scale Reactor (Compound Parabolic) and Effect o f Volume

Volume k o . n l l i i m  ) k, (min ') k , , i i u m .

1 litre 41.0 0.25 1.32
0.4 litre 6.23 0.23 0.45

B.5 The Stroboscopic Mechanism
B.5. / Dark Phases in Batch Process Solar Disinfection

Regime kga i l i u m  (1-kJ ) k, (min ') ktiiium. (min ')

o 2.32 0.07 0.07
4 0  : 8« 2.35 0.02 0.07

4 0  : 16* 3.32 0.02 0.10
4 0  : 32* 3.86 0.01 0.12

B.5.2 Illuminated-Dark Ratio in Batch Process Solar Disinfection

Regime i l i u m  (l-kP ) k( (m in'') k,i l i u m .  (min ‘)

o 1.11 0.03 0.03

l O ; l« 1.15 0.02 0.03

2 0  : 2« 1.33 0.02 0.04

4 0  : 4« 1.51 0.02 0.05



B.5.3 Intermittent Illumination and Continuous Flow Solar D isinfection 1.5m^

Regime l ^ Q a  i l i u m  ( l - k J  ) kg, (l.kJ-') k, (min ') k,i l i u m ,  (min'')
o 7.72 2.47 0.08 0.23

2 .8 0  : 2.8» 16.09 5.15 0.16 0.51
5 .7 0  : 5.7» 11.56 3.70 0.11 0.33
8 .5 0  : 8.5» 6.71 2.14 0.07 0.21

B.5.4 Intermittent Illumination and Continuous Flow Solar D isinfection Im^

Regime i l i u m  ) k, (min"') k , i l i u m .  (min'‘)
o 27.95 0.11 0.53

2 .8 0  : 5.7# 34.57 0.13 0.61
0.9O : 1.9« 52.62 0.21 0.97
7 .6 0  : 15.U 35.43 0.15 0.71



APPENDIX C

E x p e r i m e n t a l  R e s u l t s : P l a t e  C o u n t s



C.l Simulated Solar Radiation
C. 1.1 Sm all-Scale P arabolic R eactor: S im ulated S olar R adiation  (F low rate)

Parabolic Small-Scale Reactor (Simulaied Sunlighi)
Trial A 4ih December 2002 Lamirxar Trial A 6(h December 2002 Transitional
Trial B 5lh December 2002 Laminar Trial B 6th December 2002 Transitional
Trial C 5ih December 2002 Laminar Trial C 6th December 2002 Transitional
Trial D 5ih December 2002 Laminar Trial D 6th December 2002 Transitional

Trial A
Time 0 •1 -2 •3 Temp CFU/ml

0 39 33 24 1800000

15 22 30 25 1300000
30 105 101 12 8 27 515000
45 42 51 8 1 28 233000
60 65 69 8 12 29 33500

75 5 9 30 3500
90 5 1 30 150
105 1 0 30 25
120 3 (250) 30 6

Trial B
Time 0 -1 •2 -3 Temp CFU/ml

0 24 27 21 1280000
15 107 98 13 13 23 650000
30 31 25 8 5 25 140000
45 22 19 5 0 26 103000
60 46 59 3 12 27 26300
75 18 22 1 4 28 10000
90 48 41 29 2230
105 101 58 (250) 29 318
120 11 14 (250) 29 50

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 19 19 24 950000
15 13 12 25 625000
30 49 49 7 6 27 245000
45 18 17 3 1 28 87500
60 30 29 5 3 29 14800
75 12 14 29 6500
90 39 31 7 7 29 1750

105 1 0 29 250
120 8 7 (250) 30 30

Trial D
Time 0 -1 •2 •3 Temp CFU/ml

0 14 15 27 725000
15 79 82 6 7 28 403000
30 39 35 11 7 29 185000
45 23 13 3 0 30 90000
60 39 43 11 5 30 20500
75 78 70 9 8 2 2 30 3700
90 31 33 3 8 30 1600
105 115 109 (250) 30 448
120 19 16 (250) 30 70

Trial A
Time 0 ■ 1 -2 -3 Temp CFU/ml

0 19 21 22 1000000
15 12 19 27 775000
30 12 21 25 825000
45 35 31 4 5 26 165000
60 82 70 27 38000
75 28 22 28 12500
90 23 48 28 1780
105 17 15 (250) 29 64
120 4 2 (250) 29 12

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 35 42 25 1930000
15 25 33 26 1450000
30 19 14 27 825000
45 33 40 3 9 28 183000
60 18 20 29 95000
75 40 27 30 16800
90 70 70 30 3500
105 10 11 30 525
120 5 18 (250) 30 66

Trial C
Time 0 • 1 •2 -3 Temp CFU/ml

0 32 34 26 1650000
15 18 27 28 1130000
30 70 68 9 13 29 345000
45 22 24 29 115000
60 61 72 12 13 29 33300
75 26 24 29 12500
90 62 54 11 7 29 2900
105 159 151 (250) 30 620
120 14 9 (250) 30 46

Trial D
Time 0 -1 •2 -3 Temp CFU/ml

0 22 38 26 1500000
15 110 89 13 9 27 498000
30 46 52 6 7 29 245000
45 12 14 2 1 29 65000
60 57 48 4 7 29 26300
75 24 17 1 5 30 10300
90 58 57 5 5 30 2880
105 11 14 30 625
120 3 20 (250) 30 66



Trial A 19th November 2002 Turbulent
Trial B 22nd November 2002 Turbulent
Trial C 26th November 2002 Turbulent
Trial D 27th November 2002 Turbulent

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 51 48 2480000
15 42 31 1830000
30 25 20 1130000
45 67 88 4 11 388000
60 49 37 215000
75 16 24 100000
90 74 73 36800
105 26 19 11300
120 10 17 675

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 39 49 2200000
15 24 30 1350000
30 23 13 900000
45 62 64 5 6 315000
60 30 32 7 3 155000
75 87 89 18 10 1 0 70000
90 30 29 4 5 14800
105 100 99 9 15 2730
120 34 27 1530

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 33 37 1750000
15 32 39 1780000
30 16 18 850000
45 80 70 6 14 375000
60 34 44 2 3 195000
75 103 98 17 14 2 0 77500
90 41 43 2 6 21000
105 77 80 3930
120 23 22 1130

Trial D
Time 0 -1 -2 -3 Temp CFU/ml

0 37 40 1930000
15 36 30 1650000
30 17 16 825000
45 42 32 6 5 185000
60 67 50 4 10 2 0 29300
75 14 12 6500
90 6 3 225
105
120 2 0 (250) 8



C .I .2  Small-Scale Parabolic  Reactor: Simulated Solar  Radiation (Intensity)
Parabolic Small-Scale Reaccor (Simulated Sunlight)

Trial A 10th December 2002 9.5W/m2 Trial A 1 lih December 2002 17.5W/m2
Trial B lOlh December 2002 9.5W/m2 Trial B 12ih December 2002 17.5W/m2
Trial C 1 lih December 2002 9.5W/m2 Trial C 12ih December 2002 17.5W/m2
Trial D 11th December 2002 9.5W/m2 Trial D 27ih November 2002 17.5W/m2

Trial A
Time 0 • 1 -2 -3 Temp CFU/ml

0 101 95 10 9 23 490000
15 76 84 13 6 25 400000
30 57 45 6 5 25 255000
45 45 44 4 6 25 223000
60 23 24 26 118000
75 77 118 7 8 26 48800
90 49 48 8 5 27 24300
105 20 17 2 3 28 9250
120 56 52 11 12 28 2700

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 124 121 17 11 21 613000
15 87 77 14 12 22 410000
30 66 72 12 6 23 345000
45 47 40 5 1 24 218000
60 129 125 23 16 1 2 25 63500
75 42 36 5 2 26 19500
90 24 18 1 0 26 10500
105 30 25 6 8 27 1380
120 15 16 27 775

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 24 29 23 1330000

15 22 19 23 1030000
30 15 14 24 725000
45 50 56 25 265000
60 39 37 5 3 26 190000

75 20 20 26 100000
90 12 15 26 67500

105 62 75 1 12 26 34300
120 43 39 26 20300

Trial D
Time 0 • 1 -2 -3 Temp CFU/ml

0 38 30 20 1700000
15 19 22 22 1030000
30 81 79 13 14 23 400000
45 50 52 8 11 24 255000
60 40 44 24 210000
75 10 15 25 62500
90 55 56 5 3 27 27800
105 23 32 4 2 27 13800
120 13 11 27 6000

Trial A
Time 0 • I •2 -3 Temp CFU/ml

0 18 23 25 1030000
15 69 65 13 5 25 335000
30 63 68 8 10 26 328000
45 33 27 4 3 28 150000
60 16 16 30 80000
75 52 58 4 12 30 27500
90 19 27 4 7 31 11500
105 62 9 9 32 3150
120 17 17 33 850

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 29 44 21 1830000
15 119 132 30 23 24 6280000
30 60 65 25 313000
45 37 13 28 125000
60 65 57 27 30500
75 34 44 29 19500
90 54 55 29 2750
105 20 12 29 800
120 6 9 29 375

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 27 25 28 1300000
15 17 25 28 1050000
30 10 15 28 625000
45 45 39 11 4 28 210000
60 18 17 28 87500
75 77 62 11 8 29 34800
90 40 30 29 17500
105 15 10 29 6250
120 32 30 30 1630

Trial D
Time 0 -1 -2 -3 Temp CFU/ml

0 29 33 26 1550000
15 20 28 28 1200000
30 10 10 28 500000
45 38 46 28 210000
60 15 14 29 72500
75 46 62 4 8 29 27000
90 19 23 29 10500
105 47 49 30 2400
120 16 11 30 675



Trial A 19th November 2002 31.6W/m2
Trial B 22nd November 2002 3 1,6W/m2
Trial C 26th November 2002 31.6W/m2
Trial D 27th November 2002 31,6W/m2

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 51 48 2480000
15 42 31 1830000
30 25 20 1130000
45 67 88 4 II 388000
60 49 37 215000
75 16 24 100000
90 74 73 36800
105 26 19 11300
120 10 17 675

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 39 49 2200000
15 24 30 1350000
30 23 13 900000
45 62 64 5 6 315000
60 30 32 7 3 155000
75 87 89 18 10 1 0 70000
90 30 29 4 5 14800
105 ICO 99 9 15 2730
120 34 27 1530

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 33 37 1750000
15 32 39 1780000
30 16 18 850000
45 80 70 6 14 375000
60 34 44 2 3 195000
75 103 98 17 14 2 0 77500
90 41 43 2 6 21000
105 77 80 3930
120 23 22 1130

Tnal D
Time 0 -i -2 -3 Temp CFU/ml

0 37 40 1930000
15 36 30 1650000
30 17 16 825000
45 42 32 6 5 185000
60 67 50 4 10 2 0 29300
75 14 12 6500
90 6 3 225
105
120 2 0 (250) 8



C.1.3 Sm all-Scale P arabolic  R eactor: Sim ulated S olar R adiation  (Indicator)

Parabolic Small-Scale Reactor (Simulaied Sunlighi. 9 .5W/m')
Trial A lOlh December 2002 E. coli Trial A 15lh January 2003 S. Typhimurium
Trial B lOih December 2002 L. coli Trial B 15ih January 2003 S. Typhimurium
Trial C 1 lih  December 2002 E. cnli Trial C 17(h January 2003 S. Typhimurium
Trial D 1 lih December 2002 E. coli Trial D 17ih January 2003 s. Typhimurium

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 101 95 10 9 23 490000

15 76 84 13 6 25 400000
30 57 45 6 5 25 255000
45 45 44 4 6 25 223000
60 23 24 26 118000

75 77 118 7 8 26 48800
90 49 48 8 5 27 24300
105 20 17 2 3 28 9250
120 56 52 11 12 28 2700

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 124 121 17 11 21 613000

15 87 77 14 12 22 410000
30 66 72 12 6 23 345000
45 47 40 5 1 24 218000
60 129 125 23 16 1 2 25 63500
75 42 36 5 2 26 19500
90 24 18 1 0 26 10500

105 30 15 6 8 27 1380
120 15 16 27 775

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 24 29 23 1330000
15 22 19 23 1030000
30 15 14 24 725000
45 50 56 25 265000
60 39 37 5 3 26 190000
75 20 20 26 100000
90 12 15 26 67500
105 62 75 1 12 26 34300
120 43 39 26 20300

Trial D
Time 0 • 1 •2 -3 Temp CFU/ml

0 38 30 20 1700000

15 19 22 22 1030000
30 81 79 13 14 23 400000
45 50 52 8 11 24 255000
60 40 44 24 210000
75 10 15 25 62500
90 55 56 5 3 27 27800
105 23 32 4 2 27 13800
120 13 11 27 6000

Trial A
Time 0 -1 -2 •3 Temp CFU/ml

0 60 70 23 325000
15 75 54 25 323000
30 36 49 26 213000
45 37 38 26 188000
60 35 34 27 173000
75 32 28 28 150000
90 22 22 28 110000
105 18 16 29 85000
120 17 11 29 70000

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 63 79 8 6 21 355000
15 72 73 13 8 23 363000
30 51 56 5 8 24 268000
45 48 45 4 8 25 233000
60 34 31 3 3 25 163000
75 28 24 1 4 26 130000
90 15 19 4 2 27 85000
105 19 19 27 95000
120 15 11 2 1 28 65000

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 13 13 24 650000
15 12 11 24 575000
30 63 63 25 315000
45 35 33 25 170000
60 30 35 26 163000
75 15 19 26 85000
90 19 22 26 103000
105 107 70 27 44300
120 50 51 27 25300

Trial D
Time 0 -1 ■2 -3 Temp CFU/ml

0 77 94 12 6 26 428000
15 63 45 8 3 26 270000
30 38 50 27 220000
45 5 3 27 200000
60 20 16 28 90000
75 18 I 1 28 72500
90 57 38 10 5 29 23800
105 44 36 29 20000
120 27 30 30 14300



PiirahoUc Small-Scale Reactor (Simulated Sunlight. 31.6W/m‘)
Trial A 19ih November 2002
T n a lB  22nd November2002
T n a lC  26th November 2002
Trial D 27th November 2002

f .  coli 
E. coli 
E. coli 
E. coli

Trial A 21st January 200?
Trial B 21 St January 2003
Trial C 22nd January 2003
Trial D 22nd January 2003

5. Typhimuriu 
S. Typhimuriu 
S. Typhimuriu 
5. Typhimuriu

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 51 48 2480000
15 42 31 1830000
30 25 20 I I 30000
45 67 88 4 II 388000
60 49 37 215000

75 16 24 100000
90 74 73 36800

105 26 19 11300
120 10 17 675

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 39 49 2200000
15 24 30 1350000
30 23 13 900000

45 62 64 5 6 315000
60 30 32 7 3 155000
75 87 89 18 10 1 0 70000
90 30 29 4 5 14800
105 100 99 9 15 2730
120 34 27 1530

T nalC
Time 0 -1 -2 -3 Temp CFU/ml

0 33 37 1750000
15 32 39 1780000
30 16 18 850000
45 80 70 6 14 375000
60 34 44 2 3 195000
75 103 98 17 14 2 0 77500
90 41 43 2 6 21000
105 77 80 3930
120 23 22 1130

Trial D
Time 0 -1 -2 -3 Temp CFU/ml

0 37 40 1930000
15 36 30 1650000
30 17 16 825000
45 42 32 6 5 185000
60 67 50 4 10 2 0 29300
75 14 12 6500
90 6 3 225
105
120 2 0 (250) 8

Trial A
Time 0 • 1 -2 -3 Temp CFU/ml

0 20 27 23 1180000
15 16 16 25 800000
30 16 15 25 775000
45 94 78 13 4 27 430000
60 55 43 28 245000
75 25 23 29 120000
90 15 14 29 72500
105 72 77 12 8 30 3730
120 27 33 30 1500

Tnal B
Time 0 • 1 -2 -3 Temp CFU/ml

0 20 21 22 1030000
15 18 17 25 875000
30 67 93 27 400000
45 55 65 28 300000
60 35 39 30 185000
75 21 17 30 95000
90 83 90 31 43300
105 88 65 32 38300
120 46 35 33 20300

Trial C
Time 0 • 1 -2 -3 Temp CFU/ml

0 20 16 27 900000
15 109 72 7 13 30 453000
30 7 8 30 375000
45 34 33 31 168000
60 20 17 31 92500
75 100 104 6 14 31 51000
90 68 68 32 34000
105 40 35 32 18800
120 31 29 32 15000

Trial D
Time 0 -1 -2 -3 Temp CFU/ml

0 13 12 27 625000
15 34 36 29 175000
30 20 17 30 92500
45 51 62 32 28300
60 39 38 33 19300
75 18 19 33 9250
90 10 17 33 6750
105 57 58 33 2880
120 32 28 33 1500



C .1.4 Sm all-Scale P arabolic  R eactor: S im ulated S o lar R adiation  (Tubing)
Parabolic Small-Scale Reactor (Tubing)

Trial A 
Trial B 
Trial C 
Trial D

19ih November 2002 
22nd November 2002 
26(h November 2002 
27ih November 2002

Pyrex
Pyrex
Pyrex
Pyrex

Trial A 2lst January 2003
Trial B 2li>t January 2003
Trial C 22nd January 2003
Trial D 22nd January 2003

Soda Lime 
Soda Lime 
Soda Lime 
Soda Lime

Trial A
Time 0 -1 •2 -3 Temp CFU/ml

0 51 48 2480000
15 42 31 1830000
30 25 20 1130000
45 67 88 4 11 388000
60 49 37 215000
75 16 24 I00000
90 74 73 36800
105 26 19 1 1300
120 10 17 675

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 39 49 2200000
15 24 30 1350000
30 23 13 900000
45 62 64 5 6 315000
60 30 32 7 3 155000
75 87 89 18 10 1 0 70000
90 30 29 4 5 14800
105 100 99 9 15 2730
120 34 27 1530

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 33 37 1750000
15 32 39 1780000
30 16 18 850000
45 80 70 6 14 375000
60 34 44 2 3 195000
75 103 98 17 14 2 0 77500
90 41 43 2 6 21000
105 77 HO 3930
120 23 1130

Trial D
Time 0 -1 -2 •3 Temp CFU/ml

0 37 40 1930000
15 36 30 1650000
30 17 16 825000
45 42 32 6 5 185000
60 67 50 4 10 2 0 29300
75 14 12 6500
90 6 3 225
105
120 2 0 (250) 8

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 57 55 6 6 21 280000
15 45 35 8 6 23 200000
30 64 64 7 11 25 32000
45 36 26 27 15500
60 21 23 27 11000
75 11 9 28 5000
90 7 4 28 2750
105 7 2 29 225
120 1 1 29 50

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 13 13 24 650000
15 77 72 14 8 26 373000
30 31 38 28 173000
45
60 15 29 30 1 1000
75 4 10 30 3500
90 5 3 30 2000
105 6 8 30 350
120 I 1 30 50

Trial C
rime 0 -1 -2 •3 Temp CFU/ml

0 23 23 24 1150000
15 56 64 4 8 28 305000
30 27 36 30 158000
45 12 14 30 65000
60 31 45 30 19000
75 16 11 30 6750
90 5 5 30 2500
105 22 23 30 1130
120 3 1 30 100

Trial D
Time 0 -1 -2 •3 Temp CFU/ml

0 23 16 25 975000
15 39 42 28 203000
30 13 15 29 70000
45 27 26 30 13300
60 2 4 30 1500
75 1 1 30 500
90 30
105 31
120 31



C .1.5 Sm all-Scale P arabolic  R eactor: S im ulated S o lar R adiation  

(B atch/C ontinuous)

Parabolic Small-Scale Reacior (Simulated Sunlighi. 31 6W/m')
Trial A 19lh November 2002 CF Trial A 5lh April 2004 Batch
Trial B 22nd November 2002 CF Trial B 5th April 2004 Batch
Trial C 26th November 2002 CF
Trial D 27[h November 2002 CF

Trial A
Time 0 -I -2 •3 Temp CFU/ml

0 51 48 2480000

15 42 31 1830000

30 25 20 1130000

45 67 88 4 11 388000

60 49 37 215000

75 16 24 100000

90 74 73 36800

105 26 19 11300

120 10 17 675
Trial B

Time 0 -1 -2 -3 Temp CFU/ml

0 39 49 2200000

15 24 30 1350000

30 23 13 900000

45 62 64 5 6 315000

60 30 32 7 3 155000

75 87 89 18 10 1 0 70000

90 30 29 4 5 14800

105 100 99 9 15 2730
120 34 27 1530

Trial C
Time 0 -I -2 -3 Temp CFU/ml

0 33 37 1750000

15 32 39 1780000
30 16 18 850000

45 80 70 6 14 375000

60 34 44 2 3 195000

75 103 98 17 14 2 0 77500
90 41 43 2 6 21000

105 77 SO 3930

120 23 22 1130
Trial D

Time 0 -1 -2 -3 Temp CFU/ml

0 37 40 1930000

15 36 30 1650000

30 17 16 825000
45 42 32 6 5 185000

60 67 50 4 10 2 0 29300

75 14 12 6500

90 6 3 225
105
120 2 0 (250) 8

Trial A
rime 0 • 1 -2 -3 Temp CFU/ml

0 22 24 1150000
15 65 60 8 10 313000
30 24 25 123000
45 15 10 62500
60 39 30 17300
75 18 22 10000
90 6 9 3750
105 2 4 1500
120 3 2 1250

Trial B
Time 0 • I -2 -3 Temp CFU/ml

0 22 24 1150000
15 50 51 6 8 253000
30 27 24 1 I 128000
45 74 75 8 12 2 2 37300
60 31 22 7 3 13300
75 8 8 0 3 4000
90 1 1 500
105 1 0 250
120 1 0 250



C.2 Comparison of Solar Disinfection Reactors

C.2.1 Sm all-Scale R eactors under S im ulated S o lar Conditions

Small-Scalc Keaclors (Sim ulalcd Suntighl)
T na l A n ih O c lo b c r  2002 Com pound Parabolic Trial A I9 ih  November 2002 Parabolic
T rial B 22nd O clober 2002 Com pound Parabolic Trial B 22nd N ovem ber 2002 Parabolic
T rial C 2 3 rdO clober 2002 Com pound Parabolic Trial C 26lb November 2002 Parabolic
1 rial D 25(h O clobcr 2002 Com pound Parabolic Trial D 27ih Novem ber 2002 Parabolic
1 rial b 3 ls( O clobcr 2002 Com pound Parabolic

I rial A
Time 0 ■ 1 -2 -3 I'emp CHU/ml

0 46 58 8 325000

15 47 46 23 2 0 0 0

30 28 25 133000
45 94 87 13 7 4 5 2 5 0
60 54 48 2 0 2 5 5 0 0

75 21 22 10750

9 0 57 67 11 7 3100

105 8 4 2 0 300
120 1

Trial B
Time 0 -1 -2 -3 Tem p CKU/ml

0 70 76 9 7 3 65000
15 37 39 1 9 0 0 0058500
30 107 122 13 9 15800

45 29 34 2880
60 55 60 26 11 2100
75 54 30 6 7 176
90 37 16 2 13 <250) 4

105 1 0 6
120 1

Trial C
Time 0 ■ 1 -2 -3 Temp ChU/ml

0 112 77 10 11 4 7 3 0 0 0

15 125 \15 U % 9 600 0 0
30 29 33 4 6 2 3 15500

45 7 3 2 0 5 0 2500
60 5 4 5 1 225
75 1 0 25
90 1
105
120

Trial D
Time 0 1 2 3 Tem p CHU/ml

0 39 34 1830000

15 66 59 40 28 1700000
30 I4« 13 9 18 3 1 3 0 0 0
45 36 28 700 0 0
60 13 6 16000
75 81 86 4180
90 10 17 348
105 2 0 34
120 1

Trial t
Time 0 -1 -2 -3 Tem p CHU/ml

0 70 53 3 0 80000
15 22 20 1050000
30 61 64 31 3 0 0 0
45 63 57 12 10 3 00 0 0
60 5 13 142
75 28
90 8
105 1

Trial A
Time 0 • 1 -2 -3 Tem p CHU/ml

0 51 48 2 4 8 0 0 0 0
15 42 31 1830000
30 25 20 1130000
45 67 88 4 11 388 0 0 0
60 49 37 2 1 5 0 0 0
75 16 24 100000
90 74 73 36800
105 26 19 11300
120 10 17 675

T rid  B
Time 0 -1 -2 -3 T=mp CHU/ml

0 39 49 22 0 0 0 0 0
15 24 30 1350000
30 23 13 9 0 0 0 0 0
45 62 64 6 31 5 0 0 0
60 30 32 3 155000
75 87 89 18 10 0 700 0 0
90 30 29 4 5 14800
105 100 99 9 15 2 730
120 34 27 1530

1 rial C
Time 0 -1 •2 -3 Tem p CHU/ml

0 33 37 1750000
15 32 39 1780000
30 16 18 8 5 0 0 0 0
45 80 70 6 14 375000
60 34 44 2 3 195000
75 103 9S 17 14 2 0 775 0 0
90 41 43 2 6 210 0 0
105 77 80 3930
120 23 22 1130

Trial D
Time 0 -1 -2 -3 Tem p CKU/ml

0 37 40 1930000
15 36 30 1650000
30 17 16 8 25000
45 42 32 6 5 185000
60 67 50 4 10 2 0 29300
75 14 12 6500
90 6 3 225
105
120 2 0 (250) 8



Trial A 20lh November 20()2
Tnal B 25lh November 2002
T n a lC  26th November 2002
Trial D 27ih November 2002

V- Groove 
V- Groove 
V- Groove 
V-Groove

Trial A 19(h November 2002
Trial B 20th November 2002
Trial C 20th November 2002
Trial D 26ih November 2002

No Reflector 
No Reflector 
No Reflector 
No Reflector

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 39 34 1880000

15 24 16 1000000
30 105 109 13 10 535000

45 45 38 6 5 208000

60 24 9 82500
75 70 83 14 12 38300
90 27 33 15000
105 20 30 3 4 1250

120 1 2 124
Trial B

Time 0 -1 -2 -3 Temp CFU/ml
0 37 35 1800000

15 12 14 650000
30 47 40 10 6 218000
45 15 15 2 1 75000
60 90 78 15 13 3 0 42000
75 W 64 10 6 2 0 32000
90 39 41 2 7 20000
105 19 27 11500
120 94 79 4330

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 39 41 2000000
15 33 30 1580000
30 178 151 17 25 1050000

45 68 74 10 10 355000
60 42 62 6 5 260000
75 101 117 11 18 4 1 54500
90 54 50 6 4 2600
105 54 62 6 8 590
120 156 139 (250)

Trial D
Time 0 -1 •2 -3 Temp CFU/ml

0 55 36 2280000
15 23 28 1280000
30 16 11 675000
45 37 58 7 4 238000
60 17 23 4 3 100000
75 62 75 13 6 3 1 34300
90 6 1 17500
105 56 52 2700
120 13 19 800

Trial A
Time 0 -1 -2 •3 Temp CFU/ml

0 48 52 2500000
15 33 29 1550000
30 23 7 750000
45 14 11 625000
60 35 32 168000
75 17 16 82500
90 78 89 41800
105 155 176 8280
120 86 84 4250

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 57 42 2480000
15 44 48 2300000
30 33 28 1530000
45 25 27 1300000
60 15 12 675000
75 54 65 4 9 298000
90 55 111 41500
105 61 99 40000
120 29 43 18000

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 34 27 1530000
15 38 39 1930000
30 34 34 1700000
45 17 21 950000
60 89 80 4 7 423000
75 38 33 2 8 178000
90 82 79 11 15 40300
105 46 49 7 4 23800
120 14 17 7750

Trial D
Time 0 -1 -2 -3 Temp CFU/ml

0 41 37 1950000
15 35 32 1680000
30 18 19 925000
45 87 70 5 13 393000
60 43 33 5 8 190000
75 25 24 2 0 123000
90 66 73 11 10 34800
105 24 43 16800
120 99 73 4300



C.2.2 Small-Scale Reactors under Natural Solar Conditions (PSA)
Small-Scaie Kcactors (Natural Sunlighi PSA)

Trial A I9 lhJunc  2003 Compound Parabolic Trial A IS lbJunc 2003 Parabolic
'I'rial B m ih ju n c  2003 Compound Parabolic Trial B 19th June 2003 Parabolic
Trial C 20(hJunc 2003 Compound Parabolic Trial C 20(hJune 2003 Parabolic
I'rial D IS lhJune 2003 Compound Parabolic Trial D I8 (h ju n c  2003 Parabolic
Trial b ly ih ju n c  2003 Compound Parabolic Trial t I9 lh ju n c  2003 Parabolic

Trial A
Time 0 • 1 •2 •3 I'cmp CFU/ml

0 14 11 35 625000
10 57 65 35 305000
20 103 62 7 1 35 41250
30 1 7 1 0 35 200
40 0 0 35 1
50 35
60 36

Trial B
Time 0 ■ 1 -2 -3 Temp CFU/ml

0 67 79 28 3650000
10 139 130 32 672500
20 67 64 33 327500
30 135 142 34 69250
40 21 13 35 8500
50 3 2 36 125
60 2 0 36 50

Trial C
Time 0 • 1 -2 •3 Temp C R J/m l

0 55 66 28 3025000
10 69 83 31 38(XXX)
20 49 52 33 152500
30 82 68 36 32 35 37500
40 104 95 35 4975
50 26 27 36 1325
60 36 I

Trial D
1 imc 0 ■ 1 -2 -3 Temp CKJ/m l

0 25 25 31 1250(X)0
10 49 44 30 232500
20 54 50 30 26000
30 25 19 36 1 KX)
40 0 0 yb \
50 36
60 37

Trial E
Time 0 ■1 -2 -3 Temp CHJ/m l

0 74 76 30 3750000
10 140 150 34 725000
20 65 83 36 370000
30 193 177 37 91500
40 *11 21 37 10750
50 36 27 38 1575
60 2 1 38 75

Trial A
Time 0 1 •2 -3 Tem p CH U/mJ

0 40 38 8 7 35 195000
10 31 22 35 133000
20 1 0 35 2500
30 35 1
40 35
50 35
60 35

Trial B
Time 0 -1 •2 -3 Tem p ChU/ml

0 50 55 28 263000(J
10 47 58 32 263000
20 43 48 33 228000
30 111 97 34 52000
40 50 54 35 2600
50 2 0 36 50
60 36 1

Trial C
Time 0 -I -2 -3 Tem p CHU/ml

0 62 56 28 2950000
10 69 122 31 478000
20 59 63 33 305000
30 33 42 34 188000
40 97 90 34 4681)0
50 119 105 35 5600
60 80 82 35 4050

Trial D
Time 0 -1 _2 •3 Temp ChU/ml

0 8 11 31 475000
10 88 81 9 13 30 42200
20 1 0 30 150
30 36 1
40 37
50 37
60 38

Trial b
Time 0 • 1 -2 -3 Temp CHU/ml

0 42 45 29 24300(K)
10 83 113 34 49(XXX)
20 57 62 36 298000
30 104 95 36 49800
40 51 29 36 2000
50 1 1 37 50
60 37 1



T rial A 27ih June 2003 
T rial B Isi July 2003
T rial C  2nd July 2003
T rial D Ifl July 2003
T rial E 2nd July 2003

V - G  move 
V -G roove
V - Groove 
V- G roove

V - G roove

T rial A 27lh June 2003 
T ria l B Isi July 2003
T rial C  2nd July 2003

T rial D Isi July 2003
T rial E 2nd July 2003

No R eflecior 
N o R eflecior 
N o R eflecior 

No R eflecior 
No R eflecior

Trial A

Time 0 -1 •2 •3 Tem p CFU/ml

0 47 50 29 2430000

10 103 107 34 525000

20 60 51 36 278000
30 113 82 39 48800
40 30 41 40 1780

50 2 1 40 75
60 0 1 41 25

T rial 8

Time 0 -1 -2 -3 Tem p CFU/ml

0 80 77 32 3930000
10 134 132 26 665000
20 95 88 26 458000
30 63 57 32 300000
40 50 45 33 238000
50 148 148 33 74000
60 82 97 33 44800

T rial C
Tim e 0 -1 -2 -3 Tem p CFU/ird

0 72 58 26 3250000
10 30 24 28 1350000
20 77 78 30 388000
30 37 28 32 163000
4() 30 22 34 130000
50 14 16 35 7500
60 18 20 35 9500

T nal D
Time 0 -1 -2 -3 Tem p CFU/ml

0 73 95 29 4200000
10 148 142 33 725000
20 75 105 35 450000
30 61 61 36 305000
40 26 24 36 125000
50 89 80 36 42300
60 47 47 6 16 36 2350

Trial E
Time 0 -1 -2 -3 Tem p CFU/ml

0 48 50 29 2450000
10 67 68 35 338000
20 44 37 36 203000
30 15 16 37 77500
40 26 27 38 1330
50 2 2 38 100
60 39 1

Trial A
Time 0 -1 -2 •3 Tem p C FU /m l

0 37 32 28 1725000
10 124 156 34 707500
20 11 137 36 637500
30 63 71 39 360000
40 162 185 36 35 40 177500
50 69 57 40 31500
60 55 39 41 23500

T rial B
Time 0 • 1 -2 -3 Tem p C FU /m l

0 76 56 32 3300000
10 122 101 29 558000
20 122 129 31 628000
30 63 62 32 313000
40 62 53 33 288000
50 203 194 34 99300
60 150 114 34 66000

T rial C
Time 0 -1 •2 -3 Tem p CFU /m l

0 68 66 26 3350000
10 24 26 30 1250000
20 106 114 31 550000
30 66 50 32 290000
40 138 99 44 50 35 235000
50 62 60 35 30500
60 28 32 35 15000

Trial D
rim e 0 • 1 -2 -3 Tem p C FU /m l

0 78 84 29 4050000
10 170 151 33 803000
20 126 110 35 590000
30 88 80 36 420000
40 55 53 36 270000
50 173 189 36 90500
60 94 91 36 46300

Trial E
rim e 0 •\ -2 •3 T em p CFU /m l

0 69 83 29 3800000
10 122 112 35 585000
20 77 111 36 47001X)
30 42 56 37 245000
40 136 75 28 35 38 158000
50 105 82 39 46800
60 44 50 39 23500



C .2.3 Sm all-Scale R eactors under N atural S o lar C onditions (Ireland)
Small-Scale Reactorh(Natural Sunlight Ireland)

Trial A 9th September 2004 
Trial B 16lh September 2(X)4
T ria lC  17th September 2tX)4

Comptiund Parabt)lic 
Compdund Parabolic 
Compound Parab«)lic

T ria lA  11th September 2(X)3
Trial B I6th September 2003
T ria lC  I7th September 2003

Parabolic
Parabolic
Parabolic

Trial A
Time 0 -1 .1 -3 Temp CRJ/m l

0 50 72 23 3050000
15 32 31 23 1575000
30 51 46 23 2425(X)0
45 23 20 23 1075000
60 44 43 9 11 20 210000
75 87 87 21 435000
90 54 43 23 242500
105 28 25 23 132500
120 54 62 25 29000
135 14 24 9000
150 0 0 24 1
165 1 0 24 25
180 0 0 24 1

Trial B
Time 0 •1 -2 •3 Temp CKJ/ml

0 85 64 24 3725000
15 25 32 24 1425000
30 15 15 25 750000
45 71 69 26 350000
60 22 39 27 152500
75 4 7 27 27500
90 49 50 28 24750
105 16 20 29 9000
120 0 0 29 1
135 29
150 29
165 29
IKO 29

Trial C
Time 0 -1 -2 •3 Temp CMJ/ml

0 62 70 29 3300000
15 25 32 30 1425000
30 22 16 30 9500W)
45 42 54 30 240000
60 13 11 30 60000
75 0 0 30 1
90 30
105 29
120 29
135 29
150 30
165 31
180 32

Trial A
Time 0 -1 -2 •3 Temp CFU/ml

0 80 96 24 4400000
15 37 28 23 1625000
30 37 43 23 2000000
45 25 29 23 1350000
60 17 17 20 850000
75 80 75 21 387500
90 42 44 23 215000
105 124 101 12 7 23 56250
120 37 27 25 16000
135 32 45 24 19250
150 23 25 24 12000
165 5 5 24 2500
180 24 1

Trial B
Time Q •1 -2 -3 Temp CKU/ml

0 64 66 24 3250000
15 18 20 24 9 50000
30 12 18 25 7 50000
45 19 13 26 8 00000
60 7 12 26 5 00000
75 30 32 27 155000
90 14 17 27 77500
105 60 53 13 9 28 283(X)
120 29
135 22 20 29 1050
150 10 12 29 550
165 2 0 29 50
180 10 4 29 350

TrialC
Time 0 -1 -2 -3 Temp CFU/ml

0 57 75 29 3300000
15 33 35 30 1700000
30 16 19 30 875000
45 48 52 30 2 50000
60 29 31 30 1500«)
75 48 53 8 10 30 25300
90 25 17 29 10500
105 18 12 28 7500
120 29
135 5 6 2 275
150 2 2 29 100
165 29 1
180 29



al A
al B
alC

Tie

~ 0~

15
30
45
60
75
90
105
120
135
150
165
180

ne
0
15
30
45
60
75
90
105
120
135
150
165
180

ne
0
15
30
45
60
75
90
105
120
135
150
165
180

23rd Sepiemher 2003 
24lh Sepcember 2003 
25ih Sepcemher 2003

V- Groove 
V- Groove 
V- Gmove

Trial A 23rd Sep(ember 2003
Trial B 24(h Sep(ember 2003
Trial C 25ih Sepcember 2003

No Reflecior 
No Reflecior 
No Reflecior

3 Temp CFU/ml
20

950000

20250

O Temp CFU/ml
23 22 28

Temp

Trial A
Time 0 • 1 -2 -3 Temp CFU/ml

0 33 40 20 1825000
15 32 28 19 1500000
30 20 17 19 925000
45 12 10 19 550000
60 66 64 6 8 18 325000
75 49 38 16 2,17ee5
90 28 30 17 145000
105 16
120 16
135 16
150 36 46 15 20500
165 23 18 16 1025
180 17

Trial B
rime 0 -1 -2 -3 Temp CFU/ml

0 37 39 28 1900000
15 23 19 24 1050000
30 23 20 23 1080000
45 16 10 22 650000
60 9 10 21 475000
75 63 68 20 328000
90 17
105 45 34 19 198000
120 105 46 19 62800
135 19
150 117 107 17 56000
165 18
180 6 12 18 4300

Trial C
rime 0 • 1 -2 •3 Temp CFU/ml

0 47 50 27 2430000
15 29 27 24 1400000
30 18 15 24 825000
45 22
60 10 7 23 425000
75 40 38 23 195000
90 13 25 23 95000
105 6 18 22 60000
120 39 43 21 20500
135 45 50 21 23800
150 36 23 21 14800
165 23 23 21 1 1500
180 7 10 21 4250



C.2.4 Compound Parabolic Small-Scale Reactor and Pilot-Scale Reactor 3m^

Compund ParaholicSmall-Scalc Rcactor Pilot-Scale Keacinr 3m'
Tnal A lyih June 2003 Compound Parabolic 1 rial A 24ih June 2003 Pilol Scalc 3m*
Trial B I9lh June 2003 Compound Parabolic Trial B 25!h June 2003 Pilot Scalc 3m̂
1 rial C 20lh June 2003 Compound Parabolic Trial C 2nd July 2003 Pilol Scalc 3m*
1'rial D ISlhJune 2003 Compound Parabolic
Trial b l9ihJune 2003 Compound Parabolic

t rial A
I'lmc 0 • 1 -2 •3 Temp CKJ/ml

0 14 11 35 625000
10 57 65 35 305000
20 103 62 7 1 35 41250
30 1 7 1 0 35 200
40 0 0 35 1
50 35
60 36

Trial B
Time 0 ■ 1 -2 -3 Temp CFU/ml

0 67 79 28 3650000
10 139 130 32 672500
20 67 64 33 327500
30 135 142 34 69250
40 21 13 35 8500
50 3 2 36 125
60 2 0 36 50

Trial C
lime 0 ■ 1 -2 -3 Temp Ch\J/ml

0 55 66 28 3025000
10 69 83 31 380000
20 49 52 33 Z525«)
30 82 68 36 32 35 37500
40 104 95 35 4975
50 26 27 36 1325
60 36 1

Trial D
Time 0 • 1 -2 -3 Temp CRJ/ml

0 25 25 31 1250000
10 49 44 30 232500
20 54 50 30 26000
30 25 19 36 noo
40 0 0 36 I
50 36
60 31

1 rial t
Time 0 -1 -2 -3 Temp CFU/ml

0 74 76 .30 3750O(X)
10 140 150 34 725000
20 65 83 36 370000
30 193 177 37 92500
40 22 21 37 10750
50 36 27 38 1575
60 2 1 38 75

Trial A
Time 0 -1 -2 -3 Temp ChU/ml

0 20 23 41.7 1075000
10 86 61 8 11 1 0 42.5 36750
20 2 1 42.8 750
30 9 14 42.8 575
40 4 5 42.8 225
50 43.2 1
60 5 4 43.5 225
80 2 4 43.7 250
100 1 0 43.8 25
120 1 0 44 25
140 44.3

Trial B
Time 0 -1 -2 -3 Temp CHU/ml

0 48 45 32,1 2325000
5 86 96 38.1 4550(X)
10 91 78 18 11 38.9 72500
15 39.6 2300
20 47 45 40.4 350
25 6 8 409 1000
30 21 19 41.6 Z50
40 1 9 42.6 650
50 10 16 43.6 175
60 3 4 44.6 300
80 5 7 46 25
100 1 0 46.4 25
120 1 0 46.3 25

Trial B
Time 0 -1 -2 -3 Temp CHU/ml

0 42 45 39,5 2175000
5 117 125 4(3,2 605000
10 53 56 40,5 27250
15 14 21 40.8 8750
20 27 24 41.2 1275
25 3 41.5 125
30 0 42,4 1
40 5 42,3 300
50 1 43.2 100
60 4 43,9 125
80 1 44,6 150
100 1 0 44,7 25
120 45,8 1



c.2.4 Pilot-Scale Reactor 3m~ and hn

Pilot-Scalc Rcacior 3m ' and Im '

I rial A 

I nal B 

Trial C

3rd July 20()3 

8th July 2003 

9lh July 2003

Pilol Scalc Im ' 

Pilol Scalc Im ' 

Pilol Scalc lm ‘

Trial A 

Trial B 

T nal C

24th June 2003 

25th June 2003 

2nd July 2003

Pilol Scalc 3m ' 

Pilol Scale 3m‘ 

Pilol Scalc 3m’

Trial A
Time 0 -1 _2 -3 Temp Ch\J/ml

0 8 13 36.9 525000
5 21 19 37.9 100000

10 13 16 38.7 7250
15 27 20 39.2 1175
20 11 2 39.8 325
25 2 40 75
30 4 40.5 1
4U 0 41.5 50
50 1 42.3 50
60 2 42.8 75
80 1 44.8 75

100 0 46 I
i'rial B

Time 0 ■ I -2 -3 Temp CK J/m l
0 7 13 38.6 500000
5 34 41 39.2 1875CX)

10 55 70 9 8 39.6 31250
15 11 15 39.9 6500
20 17 20 40,2 915
25 5 40.6 225
30 1 41 75
40 2 41,4 75
50 0 41.8 75
60 0 42.4 150
80 0 43.2 15

100 0 44 50
120 0 44.7 1

Trial C
Time 0 -1 -2 -3 1 emp C R J/m l

0 14 7 37.7 525000
5 17 24 38.6 102500

10 14 18 9 2 39.4 8000
15 11 8 40 475
20 I 40.7 IIS
25 0 41.5 75
30 0 42 25
4{) 0 43 1
50 0 43.6 1
60 0 44 1
80 0 44.5 15

100 (1 45 1
120 45.5

40 22 21 37 10750
50 36 27 38 1575
60 2 1 38 75

Trial A
Time 0 •1 -2 •3 Tem p CFU/ml

0 20 23 41.7 1075000
10 86 61 8 11 1 0 42.5 36750
20 2 1 42.8 750
30 9 14 42.8 575
40 4 5 42.8 225
50 43.2 1
60 5 4 43.5 225
80 2 4 43.7 250
100 1 0 43.8 15
120 1 0 44 15
140 44.3

Trial B
Time 0 -1 -2 -3 Tem p CPU/ml

0 48 45 32 V 2315000
5 86 % 38,1 455000
10 91 78 18 11 38.9 72500
15 39.6 2300
20 47 45 40.4 350
25 6 8 40.9 l«K)
30 21 19 41.6 250
40 1 9 42.6 650
50 10 16 43.6 175
60 3 4 44.6 300
80 5 7 46 15
100 1 0 46.4 15
120 1 0 46.3 25

Trial B
Time 0 1 •2 -3 Temp CFU/ml

0 42 45 .39.5 2175000
5 117 115 40,2 605000
10 53 56 40.5 27150
15 14 21 40.8 8750
20 27 24 41.2 1275
25 3 2 41.5 125
30 0 0 42.4 1
40 5 7 42.3 .3(X)
50 1 3 43.2 l(K)
60 4 1 43.9 125
80 1 5 44.6 150
100 1 0 44.7 15
120 45.8 1



c.3 Solar Photocatalytic Disinfection

C .3 .1 Pilot-Scale R eactor  ( I n f )  with Suspended Ti02

Trial A 

Trial B 

Trial C

3rd July 2003 

8th July 2003 

9lh July 2003

Piloi-Scale Reactor (Im  ) 
Trial A 

Trial B 

Trial C

lOih July 2003 

lOih July 2003 

10th July 2003

3mg/l TiO , 

6mg/l T iO j 

9mg/l TiOi

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 8 13 36.9 525000

5 21 19 37.9 100000
10 13 16 38.7 7250

15 27 20 39.2 1175
20 11 2 39.8 325
25 1 2 40 75
30 7 4 40.5 1

40 2 0 41.5 50
50 1 i 42.3 50
60 1 2 42.8 75
80 2 1 44.8 75

100 0 0 46 1
Trial B

Time 0 -1 -2 -3 Temp CFU/ml
0 7 13 38.6 500000

5 34 41 39.2 187500
10 55 70 9 g 39.6 31250
15 11 15 39,9 6500
20 17 20 40.2 925
25 4 5 40.6 225
30 2 1 41 75
40 1 2 41.4 75
50 3 0 41.8 75

60 6 0 42.4 150
80 I 0 43.2 25

100 2 0 44 50

120 0 0 44.7 1
Trial C

Time 0 -1 •2 -3 Temp CFU/ml
0 14 7 37.7 525000

5 17 24 38.6 102500
10 14 18 9 2 39.4 8000
15 11 8 40 475
20 4 1 40.7 125
25 3 0 41.5 75

30 1 0 42 25
40 0 0 43 1
50 0 0 43.6 1

60 0 0 44 1
80 1 0 44.5 25

100 0 0 45 1
120 45.5

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 90 139 30 17 33.8 1175000
5 30 26 34.4 140000

10 27 25 34.4 13000
15 44 38 36.3 2050
20 29 30 35,8 1475
25 3 5 36.2 200
30 7 5 36.6 300
40 4 7 37.5 275
50 7 6 38,5 325
60 4 0 39,5 100

Trial B
Time 0 -1 •2 -3 Temp CFU/ml

0 31 48 2 8 38.5 197500
5 54 55 0 6 39.2 27250

10 43 28 1 4 39,8 1775
15 11 16 2 1 2 0 40.3 675
20 3 4 40,9 175
25 2 0 41,4 50
30 1 I 41,7 50
40 0 0 42.6 I
50 0 0 42.9 1
60 1 0 43,2 25

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 12 16 1 1 36 50000
5 94 102 8 7 37.8 37500

10 19 30 2 3 38.6 1225
15 12 9 39.3 525
20 4 1 39.3 125
25 0 0 40 1
30 0 1 40.7 25
40 0 0 41.6 1
50 0 0 42.5 1
60 0 0 43.2 1



C J .2 Small-Scale Reactor (Compound Parabolic) with Fixed TiOz (PSA)

Compound Parabolic Small-Scale Reactor (PSA)
Trial A 19ih June 2003 Trial A 25lh June 2003 TiO; Rods
T n a l B 19th June 2003 Trial B 2 A ih  June 2003 TiO , Rods
Trial C 2 a h  June 2003
Trial D 18ih June 2003
Trial E 19ih June 2003

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 14 II 35 625000
10 57 65 35 305000
20 103 62 7 1 35 41250
30 1 7 1 0 35 200
40 0 0 35 1
50 35
60 36

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 67 79 28 3650000
10 139 130 32 672500
20 67 64 33 327500
30 135 142 34 69250
40 21 13 35 8500
50 3 2 36 125
60 2 0 36 50

T n a lC
Time 0 -1 -2 -3 Temp CFU/ml

0 55 66 28 3025000
10 83 31 380000
20 49 52 33 252500
30 82 68 36 32 35 37500
40 ICM 95 35 4975
SO :6 27 36 1325
60 36 1

Trial D
Time 0 • 1 -2 -3 Temp CFU/ml

0 25 25 31 1250000
10 49 44 30 232500
20 54 50 30 26000
30 25 19 36 1100
40 0 0 36 1
50 36
60 37

Trial E
Time 0 -1 -2 -3 Temp CFU/ml

0 74 76 30 4.E-f06
10 140 150 34 7.E+05
20 65 83 36 4.E+05
30 193 177 37 9.E+04
40 22 21 37 l.E+04
50 36 27 38 2.E+03
60 2 1 38 8.E+0I

Trial A
Time 0 -1 -2 •3 Temp CFU/ml

0 64 69 31 3325000
10 80 84 36 410000
20 62 76 39 345000
30 16 7 40 57500
40 33 34 40 16750
50 16 11 41 675
60 0 0 41 1

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 19 29 35 1200000
10 50 63 35 282500
20 44 62 37 265000
30 20 16 37 WOOO
40 19 24 39 10750
50 5 12 38 425
60 0 0 38 25



C.3.3 Small-Scale Reactor (Compound Parabolic) with Fixed T1O2 (Ireland)

Compound Parabolic Small-Scale Reactor (Ireland)
Trial A 9ih Sepiembcr 2004 Trial A 21st July 2004 TiO: Rods
Trial B 16ih September 2004 Trial B 22nd July 2004 T i a  Rods
Trial C I7ih Scpicmbcr 2(X)4

Trial C 31st August 2004 T 1O2 Paper
Trial D 9th September 2004 TiOj Paper

Trial A
Time 0 -1 -2 -3 Temp CHU/ml

0 50 72 23 3050000
15 32 31 23 1575000
30 51 46 23 2425000
45 23 20 23 1075000
60 44 43 9 11 20 210000
75 87 87 21 435000
90 54 43 23 242500
105 28 25 23 132500
120 54 62 25 29000
135 14 22 24 9000
150 0 0 24 1
165 1 0 24 25
180 0 0 24 1

Trial B
Time 0 -1 *2 -3 Temp CFU/ml

0 85 64 24 3725000
15 25 32 24 1425000
30 15 15 25 750000
45 71 69 26 350000
60 22 39 27 152500
75 4 7 27 27500
90 49 50 28 24750
105 16 20 29 9000
120 0 0 29 1
135 29
150 29
165 29
180 29

Trial C
Time 0 -1 -2 -3 Temp CHU/ml

0 62 70 29 3300000
15 25 32 30 1425000
30 22 16 30 950000
45 42 54 30 240000
60 13 11 30 60000
75 0 0 30 1
90 30
105 29
120 29
135 29
150 30
165 31
180 32

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 3 5 20000
15 3 2 12500
30 5 4 2250
45 3 3 1500
60 5 3 2000
75 1 2 750
90 8 1 225
105 0 0 1
120
135
150
165
180

Trial B
Time 0 -1 -2 -3 Temp ChU/ml

0 14 11 62500
15 14 9 57500
30
45

7 10 42500
450009 9

60 30 25 13800
75 22 14 9000
90 26 30 1400
105 0 0 1
120
135
150
165
180

Trial C
Time 0 •1 .2 -3 Temp CHU/ml

0 22 25 0 2 11800
15 18 19 9250
30 3 1 1000
45 2 1 750
60 2 2 1000
75 4 0 1000
90 13 15 700
105 0 0 1
120
135
150
165
180

Trial D
Time 0 -1 -2 -3 Temp CKU/ml

0 24 37 153000
15 12 16 70000
30 10 6 40000
45 36 40 19000
60 29 23 13000
75 16 17 8250



C.4 Other Factors which Effect the Solar Disinfection 
Process

C.4.1 Small Scale Reactor (Parabolic) and Ejfect o f Temperature
Parabolic Small-Scale Reactor (Temperature)

Trial A 19ih June 2003 Trial A 8th July 2003 UVA + 45'’
Trial B 20th June 2003 Trial B 8th July 2003 UVA + 45"
Trial C 19th June 2003 Trial C 9th July 2003 U V A +45 '’

Trial D 9th July 2003 UVA + 45"
Trial E 25th June 2003 UVA + 45“
Trial F 24th June 2003 UVA + 45“

Trial A
Time 0 -1 -2 •3 Temp CFU/ml

0 55 50 28 2625000
10 47 58 32 262500
20 43 48 33 227500
30 1)1 97 34 52000
40 50 54 35 2600
50 2 0 36 50
60 0 0 36 1

Trial B
Tiirw 0 -1 -2 -3 Temp CFU/ml

0 67 79 28 2950000
10 139 130 31 477500
20 67 64 33 305000
30 135 142 34 187500
40 21 13 34 46750
50 3 2 35 5600
60 2 0 35 4050

TrialC
Time 0 -1 -2 -3 Temp CFU/ml

0 55 66 29 2425000
10 69 83 34 490000
20 49 52 36 297500
30 82 68 36 32 36 49750
40 l(M 95 36 2000
50 26 11 37 50
60 37 1

Trial A 28ih January 2004 40'
Thill B 5ih February 2004 45'
Trial C 5th February 2004 50“

Trial A
Time 0 • 1 -2 -3 Temp CFU/ml

0 79 76 40 3875000
15 60 70 40 3250000
30 43 34 40 1925000
45 16 22 40 950000
60 45 47 40 230000

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 25 24 45 1250000
15 37 40 5 8 45 192500
30 6 12 45 4500
45 0 0 45 1
60 45

TrialC
Time 0 -1 -2 -3 Temp CFU/ml

0 23 6 50 725000
15 0 0 50 1
30 50
45 50
60 50

Trial A
Time 0 • 1 -2 -3 Temp CFU/ml

0 55 53 44 2700000
5 54 51 2 11 45 26250
10 27 15 45 10500
15 6 2 45 2000
20 22 16 45 950
25 5 1 45 150
30 1 0 45 25
40 4 0 45 100
50 0 0 45 1
60 46

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 22 36 44 1450000
5 78 87 44 412500
10 34 35 45 172500
15 46 60 11 15 45 28000
20 23 24 45 11750
25 29 24 45 1325
30 2 0 45 50
40 0 0 45 1
50 45
60 45

Trial C
Time 0 -1 -2 -3 Temp CFU/ml

0 51 38 42 2225000
5 44
10 52 81 45 332500
15 41 38 45 197500
20 12 13 45 62500
25 26 18 45 11000
30 20 19 45 975
40 1 0 45 25
50 0 0 45 1
60 46

Trial D
Time 0 -1 -2 -3 Temii CFU/ml

0 34 27 45 1525000
5 69 75 45 360000
10 37 27 45 1600(X1
15 54 66 8 8 45 30000
20 28 32 1 4 45 15000
25 11 10 46 5250
30 20 21 1 0 46 1025
40 0 0 46 1
50 46
60 46



Trial E
Time 0 -1 •2 •3 Temp CFU/ml

0 61 64 45 3125000
5 107 109 45 540000
10 92 59 45 377500
15 34 23 45 142500
20 20 9 45 72500
25 42 34 45 19000
30 17 16 45 8250
40 2 6 46 200
50 0 0 45 1
60 46

Trial F
Time 0 -1 -2 -3 T enp CFU/ml

0 37 31 45 1700000
5 70 55 44 312500
10 33 23 45 140000
15 15 19 45 85000
20 50 51 5 45 25250
25 17 19 45 9000
30 36 35 4 14 45 1775
40 3 46 200
50 0 0 46 1
60 46



C.4.2 Small Scale Reactor (Compound Parabolic) and Effect o f  Volume

Compound Parabolic Small-Scale Reaclor (Volume)
Trial A 19th June 2003 Trial A 8th July 2003 0.4 Hires
Trial B 19ih June 2003 Trial B 8ih July 2003 0.4 litres
Trial C 20ih June 2003 Trial C 9lh July 2003 0.4 litres
Trial D tSih June 2003 Trial D 9th July 2003 0.4 litres
Trial E 19ih June 2003

Trial A
Time 0 -1 -2 -3 Temp CFU/ml

0 14 II 35 625000
ID 57 65 35 305000
20 103 62 7 1 35 41250
30 I 7 1 0 35 200
40 0 0 35 1
50 35
60 36

Trial B
Time 0 -1 -2 -3 Temp CFU/ml

0 67 79 28 3650000
10 139 130 32 672500
20 67 64 33 327500
30 135 142 34 69250
40 21 13 35 8500
50 3 2 36 125
60 2 0 36 50

Trial C
Time 0 ■ 1 -2 -3 Temp CFU/ml

0 55 66 28 3025000
10 69 83 31 380000
20 49 52 33 252500
30 82 68 36 32 35 37500
40 104 95 35 4975
50 26 27 36 1325
60 36 1

Trial D
Time 0 -1 -2 -3 Temp CFU/ml

0 25 25 31 1250000
10 49 44 30 232500
20 54 50 30 26000
30 25 19 36 1100
40 0 0 36 1
50 36
60 37

Trial E
Time 0 -1 -2 -3 Temp CFU/ml

0 74 76 30 3750000
10 140 150 34 725000
20 65 83 36 370000
30 193 177 37 92500
40 22 21 37 10750
50 36 27 38 1575
60 2 1 38 75

Trial A
Time 0 -1 •2 -3 CFU/ml

0 60 52 2800000
5 29 39 I70CXX)
10 28 28 140000
15 18 16 85000
20 11 21 2 4 8000
25 22 12 850
30 0 0 1

Trial B
Time 0 -1 •2 -3 CFU/ml

0 46 58 2600000
5 60 66 315000
10 40 50 225000
15 28 35 158000
20 103 85 23 21 110000
25 77 77 11 12 38500
30 34 32 16500
40 16 15 775

Trial C
Time 0 -1 -2 -3 CFU/ml

0 58 52 2750000
5 64 86 375000
10 48 52 250000
15 46 51 243000
20 150 177 38 40 195000
25 115 119 58500
30 103 89 48000
40 12 12 6000
50 16 19 875
60 6 7 325

Trial C
Time 0 -1 -2 -3 CFU/ml

0 40 39 1980000
5 67 64 328000
10 42 48 225000
15 23 33 140000
20 13 14 67500
25 19 40 14800
30 26 25 12800
40 23 23 1150
50 2 2 100
60 2 0 50
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The Stroboscopic Mechanism
D ark Phases in Batch P rocess S o lar D isinfection

5th April 2004 
5th April 2004

Continuous
Continuous

122500

13250

7th April 2004 
7th Apnt 2004

4 see light- 16 see dark 
4 sec light- 16 sec dark

21250

13/6

Phases 
Trial A 
Trial B

6th April 2004 
6th April 2004

4 sec light- 8 sec dark 
4 sec light- 8 see dark

Test A
Time 0 -1 -2.00 -3 CFU/ml

0 41/43 2100000
15 28/25 1325000
30 11/16 675000
45 10/16 650000
60 75/76 9/12 377500
75 59/61 300000
90 51/44 237500
105 48/49 242500
120

Test B
Time 0 -1 -2 -3 CFU/ml

60 45/42 2175000
75 24/31 1375000
90 14/7 525000
105 63/72 337500
120 41/50 227500
0 48/46 235000

Trial A 37/35 180000
Trial B 34/34 170000

0 117/120 59250

Trial A 28th April 2004 4 sec light- 32 sec dark
Trial B 28th April 2004 4 see light- 32 see dark

Test A
Time 0 -1 -2 -3 CFU/ml

0 37/30 1650000
20 28/31 1475000
40 21/18 975000
60 83/76 15/7 397500
80 75/62 9/6 342500
100 48/47 237500
120 42/42 210000
140 29/37 165000
160 31/27 145000
180 32/22 135000
200 24/27 127500
220 20/14 85000
240 12/22 85000
260 13/13 65000
280 1 l/IO 52500
300 49/54 25750

Test B
Time 0 -1 -2 -3 CFU/ml

0 23/25 1200000
20 24/18 1050000
40 15/17 800000
60 11/11 550000
80 58/51 10/3 272500
100 35/47 205000
120 42/36 195000
140 37/36 182500
160 24/20 I I 0000
180 29/25 135000
200 19/18 92500
220 16/13 72500
240 68/64 10/7 33000
260 56/65 30250
280 53/49 25500
300 44/55 22250



C.5.2 Illum inated-D ark R atio in Batch P rocess S o lar D isinfection

I ummarted-Dark Raiio Batch Keacior
Trial A 17th November 2004 Continuous
Trial B 17th November 2004 Continuous

Test A
Time 0 -1 -2 -3 CFU/ml

0 62/55 8/9 29250
15 27/39 16500
30 30/23 13250
45 23/17 10000
60 67/64 3275
75 33/30 1575
90 32/22 1350
105
120 8/7 375

Test B
Time 0 -1 -2 -3 CFU/ml

0 13/13 65000
15 52/52 26000
30 39/32 17750
45 32/31 15750
60 19/20 9750
75 13/15 7000
90 68^3 3525
105
120 28/29 1473

Trial A I sec light- 2 sec dark
Tnal B_________________________________I sec light- 2 sec dark

Test A
Time 0 -1 .2 -3 CFU/ml

0 50/44 235000
15 11/10 52500
30 45/45 22500
45 34/28 15500
60 21/17 9500
90 12/9 5250
120 9/7 4000
150 5/3 2000
180 1/4 1250
210 25/18 1075
240 23/18 1025
270 22/12 850
300 18/12 750
330 18/9 675
360 13/13 650

Test B
Time 0 -1 .2 -3 CFU/ml

0 26/18 110000
0 12/12 60000
0 36/44 20000
0 35/27 15500
0 19/16 8750
0 11/11 5500
0 9/10 4750
0 7/4 2750
0 2/2 1000
0 11/23 850
0 18/17 875
0 17/11 700
0 12/20 800
0 18/7 625
0 6/12 450

Trial A 6th April 2004 1 see light- 1 sec dark
Trial B 6th April 2004 1 sec light- 1 sec dark

Test A
Time 0 -1 _2 -3 CFU/ml

0
15 87500
30 47500
45 52500
60 36500
90 33000
120 19750
150
180 4850
210 3675
240

Test B
Time 0 -1 .2 -3 CFU/ml

0
15 92500
30 72500
45 44000
60 32750
90 26250
120
150 16250
180 4750
210 3200
240

Trial A 2 sec Ughi- 2 see dark
Trial B 2 sec light 2 see dark

Test A
Time 0 -1 .2 -3 CFU/ml

0 55000
15 20750
30 17500
45 12750
60 10000
90 5750
120 2250
150 1050
180 950
210 125
240 350

Test B
Time 0 -1 .2 -3 CFU/ml

0 29750
15 21250
30 18500
45 16750
60 11750
90 7250
120 2575
150 850
180 875
210 400
240 450



Illuminaned-D ark Ralio Balch Reacior 
Trial A 2 see lig h t-4 see dark Trial A 4 sec lig h t-4 see dark
Trial B 2 see lig h t-4 sec dark Trial B 4 sec lig h t-4 see dark

Test A
Time 0 -I -2 -3 CFU/ml

0 32/35 167500

15 12/15 67500
30 8/12 50000
45 50/53 25750
60 35/34 17250
90 25/25 12500
120 13/15 7000
150 3/3 1500
180 9/4 3250
210 37/35 1800
240 28/29 1425
270 24/20 1100
300 17/24 1025
330 2/7 225
360 13/17 750

Test B
Time 0 -I -2 -3 CFU/ml

0 31/27 145000
15 8/15 57500
30 14/12 65000
45 35/46 20250
60 42/40 20500
90 5/1 1500
120 10/15 6875
150 12/15 4250
180 6/5 2750
210 33/40 1825
240 25/24 1225
270 18/23 1025
300 22/27 1225
330 3/5 200
360 12/12 600

Test A
Time 0 -I -2 -3 CFU/ml

0 27/17 12/2 35000
15 41/33 18500
30 28/25 13250
45 4/5 2250
60 4/10 3500
90 14/20 850
120 2/4 150
150 1/0 25
180 1 1
210 1 I
240 1 1

T estB
Time 0 -1 •2 -3 CFU/ml

0 56/60 8/9 42500
15 34/30 16000
30 24/31 13750
45 24/22 11500
60 24/11 8750
90 70/68 3450
120 45/45 2250
150 30/35 1625
180 20/25 1125
210 4/7 275
240 6/8 350



C.5J Interm ittent Illumination and Continuous F low S olar D isinfection 1.5m^

Intermittent Illumination Continuous Flow 1.5m‘
TriaJ A 18th May 2004 Continuous Trial A 19th May 2004 2.83 sec lig h t-2.83 sec
Trial B 18th May 2004 Continuous Trial B 19th May 2004 2.83 sec lig h t-2.83 sec

Test A
Time 250ml 0 -1 CFU/ml Tem p

-10 2 8 23.8
0 44/55 24750 24
10 42/44 21500 25.1
20 44/32 19000 26
30 27/14 10250 27.1
45 35/38 1825 28.7
60 1/0 25 30.1
90 1 32

Test B
Time 250ml 0 -1 CFU/ml Tem p

-10 24.6
0 35/37 18000 26.3
10 29/33 15500 28.4
20 17/15 8000 30.2
30 47/35 3/5 2050 31.7
45 1 33.2
60 1 34.3
90 1 34.8

Test A
Time 250^1 0 -l CFU/ml Temp

-10 1 4 18.4
0 27/38 16250 20.4
10 29/33 15500 23
20 40/31 17750 24
30 17/26 10750 25.3
45 70/80 3750 26.8
60 33/34 1675 28.1
90 1/4 125 30.4

T estB
Time 250^J 0 -1 CFU/ml Temp

-10 ng 29.89
0 51/55 26500 30
10 71/48 29750 31.5
20 51/46 24250 32.5
30 17/23 10000 33.4
45 13/16 725 34.4
60 2/- 50 34.7
90 1/- 25 33.8

Trial A 20th May 2004 5.67 se c lig h t-5.67 sec dark Tnal A 19th May 2004 2.83 sec lig h t-2.83 sec
Trial B 20th May 2004_________________ 5.67 sec lig h t-5.67 sec dark ________________________________________________________________

Test A
Time 250ml 0 -1 CFU/ml Temp

-10 ng 18.1
0 34/61 23750 19.3
10 43/42 21250 21
20 30/38 17000 22.6
30 44/19 15750 24.1
45 16/19 8750 25.9
60 5/3 200 27.6
90 1/- 25 30.3

Test B
Time 250ml 0 -1 CFU/ml Temp

•10 ng 29.5
0 47/44/ 22750 30.6
10 50/50 25000 32.5
20 33/43 19000 33,6
30 72/74 9/7 3650 34.5
45 1 1 35.6
60 1/- 25 36.4
90 1 1 35,8

Test A
Time 250ml 0 -1 CFU/ml Temp

-10 32 128 21.2
0 55/44 24750 23.8
10 43/39 18000 26.9
20 33/24 14250 27.9
30 24/26 12500 28.2
45 46/34 2000 29.7
60 3/1 100 31.2
90 1/2 75 34.1
120 I/O 25 35.2



C .5.4  Interm ittent Illumination and Continuous F low  Solar D isinfection  Im^

Batch Reactor Dark Phases
Trial A 27th May 2004 Continuous Trial A 24th May 2004 2.83 see lig h t-5.6 sec dark
Trial B 27th M ay 2004 Continuous Trial B 24th M ay 2004 2.83 soc h g h t-5.6 see dark

T est A
Time 250ml 0 -1 CFU/ml Temp

•10 18.3

0 61/47 27000 19.8

ID 52/60 28000 21.3

20 22/23 11250 22,5
30 10/14 6000 23.9

45 17/14 775 26.4

60 6/5 275 29.3

90 2/3 125 32.2
Test B

Time 250ml 0 -1 CFU/ml Temp

-10 20.5

0 36/25 15250 23.4

10 15/20 8750 27.5
20 7/7 3500 33.2

30 9/3 4/- 300 33.3

45 2/1 75 36.4

60 ng 1 35
90 1 25.5

Test A
Time 250^1 0 -1 CFU/ml Tem p
-10 tn 25-80
0 1.18 6000 27.10
10 1.60 3250 29.10
20 3/- 750 31.20
30 1.75 275 32.70
45 1.00 50 34.90
60 "g 1 37.00
90 ng 1 40.50

Test B
Tinx: 250^1 0 -1 CFU/ml Temp

-10 1 4 28.50
0 62/44 2650 33.40
10 2/1 500 35.50
20 37.60
30 2/2 100 39.10
45 I/O 25 40.70
60 ng 1 42.30
90 1 43.50

Trial A 28th May 2004 0.94 sec light- 1.89 see dark
Trial B 28th May 2004_________________ 0.94 see light- 1.89 sec dark

Test A
Time 250mI 0 -1 CFU/ml Temp

-10 tnbc 22.5
0 28/30 14500 23.9

10 9/13 5500 26

20 4/- 1250 28

30 5/5 250 29.5

45 ng 25 31.4
60 t\g I 31.9

90 ng 1 35.9
Test B

Time 250^11 0 •1 CFU/ml Temp
-10 tnbc 32.6
0 23/15 9500 34.3
10 11/13 6000 35.9

20 2/- 500 38.1
30 ng ng 1 39

45 ng ng 1 37
60 ng ng 1 34.5

90 ng ng 1 34.2

T r ia lA  ls tJu n e  2004 7.55 see l ig h t-15.11 see dark
T n a lB  1st June 2004____________________7.55 see light- 15-M sec dark

Test A
Time 250^1 0 -1 CFU/ml Tem p
-10 tn 32.1
0 33/34 16750 34
10 11/17 7000 35.3
20 4/5 2250 36.7
30 3/6 225 38.4
45 1/1 50 40.4
60 ng 1 42
90 ng 1 45

Test B
Time 250^1 0 •1 CFU/ml Tem p
-10 tn 27.7
0 11/16 6750 31.2
10 9/3 3000 34.6
20 6/5 2750 38.3
30 6/4 250 40.3
45 3/- 75 42 .6
60 ng 43.7
90 ng 44.4



APPENDIX D

S o l a r  R a d ia t io n  I n t e n s it y  D a t a



Con^Jarison of Solar Disinfection Reactors
Small-Scale Reactors (PSA)

Small-Scale Reactors Natural Solar Radiation PSA 

Intensity W/m^
Compound Parabola

Test A Test B Test C Test D Test E
35.2 35.86 30.3 40.82 39.63

35.53 36.31 31.03 40.58 39.35
36.31 37.24 32.35 40.03 38.7
31.46 37.83 33.57 39.5 38.09
38.32 38.3 34.7 38.76 37.45
39.09 39.14 35.87 37.87 36.82

39.9 39.75 36.9 36.99 35.96
Parabola

Test A Test B Test C Test D Test E
35.2 35.86 30.3 40.82 39.63

35.53 36.31 31.03 40.58 39.35
36.31 37.24 32.35 40.03 38.7
37.46 37.83 33.57 39.5 38.09
38.32 38.3 34.7 38.76 37.45
39.09 39.14 35.87 37.87 36.82

39.9 39.75 36.9 36.99 35.96
V-Groove

Test A Test B Test C Test D Test E
32.9 22.23 20.4 21.77 41.34

33.59 22.95 21.56 25.81 41.07
34.69 24.49 23.78 27.21 40.53
35.76 25.94 25.99 31.54 39.89
36.85 27.31 28.08 26.36 39.136
37.57 28.7 30.23 24.67 38.32
37.99 30.06 32.09 32.07 37.38

No Reflector
Test A Test B TestC Test D Test E

32.9 22.23 20.4 21.77 41.34
33.59 22.95 21.56 25.81 41.07
34.69 24.49 23.78 27.21 40.53
35.76 25.94 25.99 31.54 39.89
36.85 27.31 28.08 26.36 39.136
37.57 28.7 30.23 24.67 38.32
37.99 30.06 32.09 32.07 37.38



D.1.2 Small-Scale Reactors (Ireland)

Compound Parabola
Test A Test B Test C

16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
24.855 23.68 19.72
24.855 23.68 19.72
24.855 23.68 19.72
24.855 20.83 19.72
22.219 20.83 14.72
22.219 20.83 14.72
22.219 20.83 14.72
22.219

Parabola
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
24.855 23.68 19.72
24.855 23.68 19.72
24.855 23.68 19.72
22.219 20.83 19.72
22.219 20.83 14.72
22.219 20.83 14.72
22.219 20.83 14.72

V-Groove
19.58 19.585 22.845
19.58 19.585 22.845
19.58 19.585 22.845
19.58 19.585 22.845
19.58 19.585 16.665
17.91 11.595 16.665
17.91 7.135 16.665

7.135
7.135

No Reflector
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 24.72
16.725 21.32 19.72
24.855 23.68 19.72
24.855 23.68 19.72
22.219 20.83 19.72
22.219 20.83 14.72

20.83 14.72
14.72



D. 1.3 Comparison o f Small-Scale and Pilot-scale Reactors

D.1.3

Small-scale Compound Parabola
Test A Test B Test C Test D Test E

35.2 35.86 30.3 40.82 39.63
35.53 36.31 31.03 40.58 39.35
36.31 37.24 32.35 40.03 38.7
37.46 37.83 33.57 39.5 38.09
38.32 38.3 34.7 38.76 37.45
39.09 39.14 35.87 37.87 36.82

39.9 39.75 36.9 36.99 35.96

Pilot Scale Reactor 3m^
Test A Test B Test C

31.14 34.33 36.38
31.835 34.61 36.535
32.835 35.125 36.895

33.53 35.545 37.48
34.7 35.94 38.425

35.59 36.4 39.225
36.335 36.875 39.635

36.63 37.41 40.17
37.63 37.99 40.74

37.9 38.5 41.156
39.3 41.724

40.112 42.334

Assessment o f  the Effect o f  Reactor Area

2
Pilot Scale Reactor 3m Pilot Scale Reactor 1 m̂

Test A Test B Test C Test A Test B TestC
31.14 34.33 36.38 37.135 38.04 36.13

31.835 34.61 36.535 37.575 38.3 36.36
32.835 35.125 36.895 37.92 38.77 36.79

33.53 35.545 37.48 38.27 39.13 37.216
34.7 35.94 38.425 38.545 39.475 37.62

35.59 36.4 39.225 38.96 39.83 38.01
36.335 36.875 39.635 39.61 40.19 38.39

36.63 37.41 40.17 40.1425 40.6 38.74
37.63 37.99 40.74 40.6125 41.23 39.185

37.9 38.5 41.156 41.7 39.65
39.3 41.724 42.254 40.31

40.112 42.334 40.976



D.2 Solar Photocatalytic Disinfection
D.2.1 Titanium Dioxide in Suspension

7
Pilot Scale Reactor lm “

Test A Test B Test C 3 mg/1 6mg/l 9mg/l
37.135 38.04 36.13 27.48 40.56 41.13
37.575 38.3 36.36 27.84 40.696 40.98

37.92 38.77 36.79 28.55 40.9 40.07
38.27 39.13 37.216 29.246 41.2 40.35

38.545 39.475 37.62 29.92 41.42 40.02
38.96 39.83 38.01 30.58 41.65 39.69
39.61 40.19 38.39 31.216 41.8 39.36

40.1425 40.6 38.74 32.17 42.03 38.81
40.6125 41.23 39.185 33.385 42.2175 37.995

41.7 39.65 34.5275 42.28 37.04
42.254 40.31

40.976

D.2.2 Fi.xed Titanium Dioxide PSA

Compound Parabola Fixed Titanium Dioxide (Rods)
Test A Test B Test C Test D Test E Test A Test B Test C

35.2 35.86 30.3 40.82 39.63 22.16 39.28 37.275
35.53 36.31 31.03 40.58 39.35 22.79 39.113 37.11
36.31 37.24 32.35 40.03 38.7 24 38.75 36.77
37.46 37.83 33.57 39.5 38.09 25.273 40.01 36.2975
38.32 38.3 34.7 38.76 37.45 26.726 39.87 35.6675
39.09 39.14 35.87 37.87 36.82 27.94 39.82 35.105

39.9 39.75 36.9 36.99 35.96 28.99 39.55 33.92

D.2.3 Fixed Titanium Dioxide Ireland

Com pound Parabola Fixed Titanium Dioxide (Rods) Fixed Titanium Dioxide (Paper)
Test A Test B Test C Te.st A Test B Test C Te,st A Test B Te.st C

16.725 21.32 24.72 5.9 29.51 24.375 36.805 6.667 30.69
16.725 21.32 24.72 5.9 29.51 24.375 36.805 6.667 30.69
16.725 21.32 24.72 5.9 29.51 24.375 36.805 6.667 30.69
16.725 21.32 24.72 5.9 29.51 24.375 36.805 6.667 30.69
16.725 21.32 24.72 5.97 25.49 25.69 36.805 6.667 30.69
24.855 23.68 19.72 5.97 25.49 25.69 36.52 5.902 32.08
24.855 23.68 19.72 6.18 25.49 25.69 36.52 5.902 32.08
24.855 23.68 19.72 6.18 25.56 29.86 36.52 5.902 32.08
24.855 20.83 19.72 12.15 25.56 29.86 32.36 6.736 31.11
22.219 20.83 14.72 12.15 19.72 30.76 32.36 6.736 31.11
22.219 20.83 14.72 12.15 19.72 30.76 30.41 5.27 28.05
22.219 20.83 14.72 30.41 5.27 28.05
22.219



D.3 Other Factors that Effect the Solar Disinfection 
Process

0 .3 .1  Temperature

UVA UVA +45
Test A Test B Test C Test D Test E Test A Test B TestC Test D

35.2 35.86 30.3 40.82 39.63 29.275 39.815 25.15 40.583
35.53 36.31 31.03 40.58 39.35 29.95 39.395 26.623 40.4
36.31 37.24 32.35 40.03 38.7 30.615 38.95 27.336 40.2
37.46 37.83 33.57 39.5 38.09 31.245 38.55 28.706 39.96
38.32 38.3 34.7 38.76 37.45 31.845 38.125 29.34 39.68
39.09 39.14 35.87 37.87 36.82 32.45 37.655 30.02 39.377

39.9 39.75 36.9 36.99 35.96 33.9 37.185 31.715 38.62

D .3.2 Volume

1 litre 0.4 litres
Test A Test B Test C Test D Test E Test A Test B Test C Test D

35.2 35.86 30.3 40.82 39.63 29.275 39.815 25.15 40.583
35.53 36.31 3 1.03 40.58 39.35 29.95 39.395 26.623 40.4
36.31 37.24 32.35 40.03 38.7 30.615 38.95 27.336 40.2
37.46 37.83 33.57 39.5 38.09 31.245 38.55 28.706 39.96
38.32 38.3 34.7 38.76 37.45 31.845 38.125 29.34 39.68
39.09 39.14 35.87 37.87 36.82 32.45 37.655 30.02 39.377

39.9 39.75 36.9 36.99 35.96 32.45 37.185 31.715 38.62
36.47 32.315 37.975

32.895 37.55
32.31 37.1175



D .4 The Stroboscopic Mechanism
D.4.1 Intermittent Illumination and Continuous Flow Solar D isinfection I.5m^

Continuous 2.83:2.83 5.67:5.67 8.5:8.5
Test A Test B Test A Test B Test A Test B Test A

25.8 42.52 28.19 39.76 23.75 41.95 41.37
26.59 42.485 28.95 40.99 24.6 41.68 41.38

27.8 42.26 30.26 42.05 26.2 41.38 41.4
29.41 41.74 31.28 41.65 26.97 41.18 33.52

31.2 40.7 32.93 40.95 28.91 41.07 34.29
33.12 39.52 34.75 39.54 31.56 40.3 37.75

35.6 35.35 37.25 37.41 34.27 32.51 37.08

D.4.2 Intermittent Illumination and Continuous Flow Solar D isinfection Im^

Continuous 2.83:5.6 0.94:1.89 7.55:15.11
Test A Test B Test A Test B Test A Test B Test A Test B

19.13 41.85 22.85 40.17 24.7 39.36 28.605 41.46
19.91 41.87 23.58 40.24 25.6 35.22 29.31 41.14
21.48 43.14 25.04 39.52 26.9 38.21 30.69 40.88
23.11 44.52 26.53 38.74 28.07 33.35 32.01 40.64
25.08 39.98 28.3 37.83 24.39 19.67 33.54 40.12

27.398 19.09 30.32 35.85 20.51 12.68 35.19 38.8
30.75 9.18 33.12 31.75 22.43 37.19 37.12



APPENDIX E

P u b l i c a t io n s



E .1 Peer-Reviewed Articles
O.A.M cLoughlin, S.C.Kehoe, K.G.M cGuigan, E.F. Duffy, F. A1 Toutati, W .G em jak, I. 

Oiler, S.M alato, L.W. Gill (2004) Solar disinfection of contam inated water; a 

com parison of three small-scale reactors. Solar Energy 77(5), 657-664.

O .A.M cLoughlin, P. Fernandez, W .Gemjak, S.Malato, L.W .Gill (2004) Photocatalytic 

disinfection of water using low cost compound parabolic collectors. Solar Energy  77(5), 

625-633.

E.F. Duffy, F. A1 Touati, S.C. Kehoe, O.A. M cLoughlin, L.W. Gill, W. Gem jak, I. 

Oiler, M.I. M aldonado, S. Malato, J. Cassidy, R.H. Reed, K.G. M cGuigan (2004) A 

novel TiO i-assisted solar photocatalytic batch-process disinfection reactor for the 

treatm ent of biological and chemical contaminants in domestic drinking water in 

developing countries. Solar Energy 77(5), 649-655.

L.W. Gill, O.A. M cLoughlin (2005) Solar Disinfection Kinetic Design Parameters for 

Continuous Flow Reactors. Journal o f  Solar Energy Engineering, In Press.

L.W. Gill, O.A. M cLoughlin (2005) The Influence of Temperature on Continuous Flow 

Solar Disinfection. Solar World Congress, Orlando, Florida, 8*-12“' August 2005.

E.2 Articles under Review
O.A. M cLoughlin, L.W. Gill (2005) A Comparison o f Three Sm all-scale Solar 

D isinfection Reactors using both Natural and Simulated Sunlight.

E .3 Conference Papers and Posters
O. A. M cLoughlin, P. Fernandez, W. Gemjak, S. M alato, L.W. Gill (2003) Feasibility 

of solar disinfection using low cost compound parabolic collectors. 3 ’̂‘̂  Scientific 

M eeting o f  the Spanish Society o f  Chromatography and Related Techniques. Almeria, 

Spain 19-21 N ovem ber 2003.



O. A. M cLoughlin, S. Kehoe, K. M cGuigan, L.W. Gill (2004). Parameters needed for 

the design of low cost continuous flow solar disinfection systems. In, Proceedings o f  the 

IWA Specialist Group Conference on Water & W astewater M anagem ent fo r  Developing  

Countries (IWA). V ictoria Falls, Zimbabwe; 28-30"' July 2004.

O. A. M cLoughlin, L.W . Gill (2004). Photocatalytic disinfection of drinking water : a 

com parison o f three small-scale reactors. In, Proceedings o f  the 3rd European M eeting  

on Solar Chemistry and Solar Photocatalysis: Environmental Applications (SPEA 3). 

Barcelona, Spain. 30 June-2 July 2004.

O. A. M cLoughlin, S.C. Kehoe, K. M cGuigan, L.W. Gill (2004) A Com parison of 

Three Small-scale Solar Disinfection Reactors using both Natural and Artificial 

Sunlight. International Water Association 4''' World W ater Congress, M arrakesh, 

M orroco 19-23 Septem ber 2004.

O.A. M cLoughlin, L.W. Gill (2005) Continuous Flow Solar Disinfection. Solar 

Disinfection o f  Drinking Water Workshop, Dublin. Ireland, 1̂ ‘ and 2'"̂  April 2005.

E.4 Other Publications

L.W. Gill, O .A.M cLoughlin, K.G.M cGuigan, E.F. Duffy, S.C.Kehoe, F. A1 Touati, 

W .Gernjak, I. Oiler, P. Fem andez, S.M alato (2004). Solar disinfection o f contam inated 

water: a comparison of three small-scale continuous flow reactors. Improving Human  

Potential Programme access to the research infrastructures activity -  transnational 

access to the Plataforma Solar de Almen'a. Research results at Plataforma Solar de 

A lm eria within the Year 2003 access campaign. Serie Ponencias. [ISBN 84-7834-474- 

8].

K.G. M cGuigan, E.F. Duffy, F. A1 Touati, S.C. Kehoe, O.A. M cLoughlin, L.W . Gill, 

W .Gernjak, I. Oiler, M.I. M aldonado, S. Malato, R.H. Reed (2004). Inactivation of 

bacterial contaminants in drinking water using a novel batch-process T i02-assisted solar 

photocatalytic disinfection (SPC-DIS) reactor for use in developing countries. 

Improving Human Potential Programme access to the research infrastructures activity  

-  transnational access to the Plataforma Solar de Almen'a. Research results at



Plataforma Solar de Almen'a within the Year 2003 access campaign. Serie Ponencias 

[ISBN 84-7834-474-8],


