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ABSTRACT

Background

Solar photo-oxidation is a simple disinfection method which is easily applied, reliable,
and needs little supervision and economical investment. The method makes use of
ultraviolet radiation from the sun (specifically UV-A and UV-B radiation) and oxygen
from the atmosphere. It is a natural process (virtually “selfpurification”) without
addition of any potentially hazardous chemicals or a need for any sophisticated and

expensive equipment.

In South Africa where eight million people are still without running water and where
most of these people use water from alternative sources such as dams, rivers, and
streams, the solar photo-oxidation process could prove to be an effective and
economical viable disinfection method for application in especially rural communities.
This will ensure clean and microbiological “safe” water to water users in these

communities.

Objectives

The main objectives of the research project are:

. Determine the feasibility and the applicability of the solar photo-oxidation
process as an alternative and economical method of disinfection of hand drawn
drinking water in the South African rural scenario.

. Observe the effects of various selected physical and chemical parameters on the

disinfection efficiency of the solar photo-oxidation process. The parameters

chosen from the literature are: cloud cover; turbidity; colour of plastic
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containers; the volume of water; and the seasonal changes in oXygen transfer

efficiency and ultraviolet radiation intensity.

Summary of major results and conclusions

The solar photo-oxidation process proved to be an effective and economical
disinfection process. The results also showed that the faecal coliform bacteria are
irreversibly inactivated by the synergistic effect of solar radiation and oxygen in a
relative short period of time. This disinfection process resulted in water with a zero
faecal coliform (FC) count within a period of three to five hours, depending on the
initial concentration of bacteria within the contaminated hand drawn water and the
total volume of water being disinfected. The process was not drastically affected by the
changing seasons, but was affected increasingly by visible turbidity, low concentrations

of oxygen; the colour of water containers used, and heavy dense cloud cover.

The solar photo-oxidation process does not require a big capital investment and needs
very little operational or educational skills and can thus be recommended as an
alternative simple process to be used in South African rural and poor communities

where running water is not readily available.

The following major conclusions were drawn:

. The process is effective on smaller volumes of water - 2 to 25 litres. This is

enough water for daily use on household level.

. The water containers should be filled as early in the morning as possible and
exposed to sunlight from 8:00 to 15:00, when the radiation intensity is high.
The water containers must be left in direct sunlight at all times and care must
be taken to keep the containers out of the shadows from walls, trees, or other
containers. Intermittent vigorous shaking is important to dissolve and saturate

the oxygen from the atmosphere throughout the total volume of water in the

i
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container. This will also serve to keep the microbial cells in suspension in the
volume of water and increase the chance of the cells to come in contact with

the penetrated and absorbed ultraviolet radiation.

A minimum period of three to five hours is required for effective disinfection,
i.e. so that the water complies with the South African Bureau of Standards
(SABS) domestic water quality standards and the Department of Water Affairs
and Forestry (DWAF) target water guidelines for faecal coliform (FC)
concentrations in drinking water. The length of exposure time will depend on
the initial concentration of FC present, the minimum DO concentration, the
volume of water being disinfected, the colour of water containers used, and the

turbidity of the water.

Although high turbidity did not influence the efficiency of the disinfection
significantly, it will be advisable to remove any visible turbidity before the
disinfection process is applied. This will not only serve to enhance the

efficiency of the process by reducing the exposure time, but also make the

water more aesthetically acceptable for human consumption.

The suitable colour and type of water container to use will be transparent or
white and made from of polyethylene terephthalate (PET) plastic. This type of
plastic will last longer and will be damaged slower by the radiation from the

sun.

Transmission or diffusion of dissolved oxygen (DO) does not occur at
significant levels through the container mouth openings. It is therefore
recommended that the containers should be kept closed to prevent any

contamination with dust, animal droppings and/or leaves.

Education of end users will be essential for the successful use of the solar

photo-oxidative disinfection process. It is especially important to instill in users
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that the disinfection process does not leave any residual disinfection capacity
after the disinfection is over, and that good hygienic practices will be essential
in prevention or minimization of secondary pollution or contamination of the

disinfected water.

Publications and presentations

Two full length publications in accredited journals: one national journal (Water SA4)

and one international journal (Letters in Applied Microbiology)

Two posters presented at national conferences (Interscience ‘98 and WISA 2000)

Report to the Water Research Commission (WRC), Report K8/299/98 (in print).
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EKSERP

Agtergrond

Foto-oksidasie is ‘n eenvoudige ontsmettings metode wat maklik toegepas kan word
en wat min toesig en lae ekonomiese uitleg benodig. Die metode is athanklik van die
gekombineerde aanslag wat ultraviolet bestraling vanaf die son (spesifick UV-A en
UV-B) en suurstof vanaf die atmosfeer, op die mikrobiese selle het. Dit is ‘n natuurlike

proses wat geen byvoeging van enige potensieéle giftige chemikali€ of gesofistikeerde

en duur masjinerie benodig nie.

In Suid Afrika, waar agt miljoen mense nog steeds sonder lopende water is en waar
meeste van die mense hulle water vanaf alternatiewe bronne soos damme, riviere en
strome verkry, kan foto-oksidasie ‘n effektiewe en ekonomiese vatbare ontsmettings
metode wees om toe te pas in veral onderontwikkelende en landelike gemeenskappe.

Dit kan water wat mikrobiologies “veilig” is, verskaf aan die genoemde gemeenskappe.

Doelwitte

Die hoof doelwitte van die navorsing is:

. Ondersoek die moontlikheid en toepaslikheid van die foto-oksidasie proses as
‘n alternatiewe en ekonomiese metode vir ontsmetting van water wat met die
hand getrek word in the onderontwikkelende en landelike Suid Afrikaanse

gemeenskappe.

. Ondersoek die effek van die geselekteerde fisiese en chemiese parameters op

die ontsmettings effektiwiteit van die foto-oksidasie proses.
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. Die parameters sluit in: swaar en digte wolk bedekking; troebelheid;
verskillende volume water; die kleur van die plastiese water houers in gebruik;
die variasies in suurstof oordrag en ultraviolet bestralings intensiteite gedurende

die verskillende seisoene (lente, somer, herfs en winter).

Opsomming van resultate en gevolgtrekkings

Resultate verkry het bewys dat foto-oksidasie ‘n effektiewe en ekonomiese
ontsmetting proses is. Die resultate bewys dat fekale kolivorme bakterie€ word
onomkeerbaar geinaktiveer deur die sinergistiese effek van ultaviolet bestraling en
suurstof in ‘n relatiewe kort tyd. Die ontsmettings-proses lewer water met zero fekale
kolivorm (FK) telling binne ‘n bestek van drie tot vyf uur, athangend van die
oorspronklike konsentrasie van bakterie€ in die gekontamineerde hand-getrekte water
en die volume water wat ontsmet word. Die proses word nie drasties geaffekteer deur
die veranderde seisoene nie, maar was wel geaffekteer deur verhoogde troebelheid, lae
konsentrasies opgeloste suurstof en swaar en digte wolk bedekking.

Die foto-oksidasie proses het nie groot kapitale investering nodig nie en benodig ook
baie min operasionele bekwaamdheid en kan dus voorgestel word as ‘n alternatiewe
metode om te gebruik in onderontwikkelende en landelike gebiede waar lopende water

nie vrylik beskikbaar is nie.

Die volgende gevolgtrekkings kan gemaak word:

. Die proses was effektief op kleiner volumes water - 2 tot 25 liters. Dit is egter

in meeste gevalle genoeg water vir daaglikse gebruik op huishoudelike skaal.

. Die water houers moet so vroeg moontlik in die oggend gevul word en dan aan
direkte sonlig gedurende 8:00 tot 15:00, blootgestel word. Gedurende die tye
is die ultraviolet bestraling intensiteit hoog. Die houers moet ten alle tye
gedurende toepassing in direkte sonlig geplaas word en daar moet voorsorg

getref word om die water houers uit skaduwees afkomstig vanaf mure, bome

vi
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of ander houers van die genoemde houers te hou. Hewige geskud van die water
gevulde houers is belangrik om die suurstof op te los en te meng met die totale
volume water. Dit sal verder help om die mikrobiese selle in suspensie te hou
en die kans dat al die selle in kontak met die deurdringde en geabsorbeerde

ultraviolet bestraling en opgeloste suurstof kom, verhoog.

‘n Minimum periode van tussen 3 tot 5 ure word benodig vir effektiewe
ontsmettings, i.e. die water voldoen aan die SABS huishoudelike water
kwaliteits standaarde en die Departement Waterwese en Bosbou riglyne vir FK
konsentrasies in drink water. Die tyd van blootstelling sal athang van die
oorspronklike konsentrasie FK, die opgeloste suurstof konsentrasie, die volume

water, die kleur houer, en die troebelheid van die water.

Alhoewel hog troebelheid nie die effektiwiteit van ontsmettings drasties
beinvloed het nie, is dit raadsaam om enige sigbare troebelheid voor toepassing
van die proses te verwyder. Dit dien nie net om die effektiwiteit van die
ontsmettings proses te verhoog deur die blootstellings tyd te verlaag nie, maar

ook om die water meer esteties aanvaarbaar te maak vir menslike gebruik.

Die toepaslike kleur en tipe houer om te gebruik vir die proses is verkieslik
deurskynend of wit van kleur en gemaak van poliétileen tereftalaat (PET)
plastiek. Die PET plastiek sal langer hou en stadiger deur die bestraling van die
sonlig beskadig word.

Aangesien die oordrag of difussie van suurstof nie hoofsaaklik plaas vind deur
die monde van die houers nie, word dit aanbeveel om die houers toe te maak

om sodoende kontaminasie deur stof, diere mis en/of blare te voorkom.

Opleiding van die eind gebruikers is belangrik en essensieél vir die suksesvolle
toepassing van die foto-oksidasie ontsmettings proses. Dit is spesifick belangrik

om dit duidelik te maak dat geen residuele ontsmettings potensiaal beskikbaar

vii
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is na oorspronklike foto-oksidatiewe ontsmetting nie en dat goeie higiene
essensieél sal wees vir die voorkoming of minimisering van sekondere

kontaminasie van die gedisinfekteerde water.
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CHAPTER 1

EXORDIUM

1.1  INTRODUCTION

Approximately one billion people in developing countries have no access to reliable
sources of clean drinking water (Wegelin et al., 1994; Black, 1999). The lack of
adequate water supply and the subsequent consumption of faecal contaminated water
in these areas, results in a serious exposure of individuals to numerous water-related
and water-based diseases. More than 875 million cases of water-borne diarrhoeal
diseases are reported annually especially between infants and young children. Of these
reported cases, more than 3 million ends in death (Wegelin, 1999; Reed ef al., 2000).
There is an urgent need for simple, effective, and low-cost methods for production of
pathogen-free drinking water, especially on household level, which can reduce the

incidences of water-borne diseases.

Household level disinfection methods commonly propagated include boiling, addition
of chemicals such as chlorine or hypochlorite, and filtration through ceramic filters.

The following problems are generally associated with these methods:

. Boiling of water requires energy, usually in the form of firewood or coal in
rural or informal settlements. The mentioned sources of energy are becoming
more scarce and costly and cannot be afforded or used by many individuals in

these areas.

. Disinfection with chemicals is usually rejected due to the undesirable taste and
odours acquired by the water. Other objections include costs and the

application of incorrect dosages.
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. Filtration through ceramic filters is unaffordable by most and these filters are

furthermore subjected to frequent clogging and leaking (Wegelin, 1999).

The problems mentioned above calls for the development of alternative small-scale
disinfection methods that are effective, practical and simple to use by individuals or
households. A low cost and sustainable method which gained support in recent years,
makes use of the disinfectant properties of sunlight which is universally available and
free of charge, to inactivate and destroy faecal bacteria present in water in a process
called solar disinfection (Acra & Ayoub, 1997). Disinfection with solar radiation has
been used for centuries, as long ago as 2 000 BC (Bingham, 1985). The advantages of
using solar radiation are numerous and include amongst others: it is a natural process
with no production of dangerous, toxic, or hazardous by-products; no smell and/or
taste are imparted to the water; it exerts a low economical demand; and is easy to
apply. The disadvantage however, is that there is no residual disinfection power

available to prevent secondary contamination of the disinfected water.

Research into solar disinfection focussed on the development and application of the
SOPAS (solar pasteurization) and the SODIS (solar disinfection) processes. The
SOPAS disinfection process employs the pasteurization effects of solar radiation at
temperatures above 70°C (Joyce et al., 1996), while the SODIS process makes use of
the synergistic effect of solar radiation and temperature between 50° and 70°C

(Wegelin et al., 1994; Sommer et al., 1997).

Recent research by Reed (1997a) illustrated the critical role dissolved oxygen plays in
the inactivation of faecal bacteria during solar radiation, which led to the investigation
of a process called solar photo-oxidation. Preliminary laboratory and field results,
indicated that solar photo-oxidation even in the absence of thermal effects, may be an
alternative useful method of water disinfection on household level in rural communities

(Reed, 1997a and1997b, Reed et al., 2000).
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The present research reported here assessed the effectiveness of solar photo-oxidative
disinfection under controlled laboratory conditions in South Africa, using de-

chlorinated tap water contaminated with raw sewage.

1.2 PROBLEM STATEMENT

In South Africa, more than eight million people do not have access to adequate or
reliable sources of clean running water. These people obtain water from alternative
sources such as streams, rivers, dams, boreholes or wells which are most of the time,
heavily contaminated with amongst others, faeces. The consumption of this water leads
to high incidences of water-borne diarrhoeal diseases and high mortality rates among

infants and the elderly (Genthe & du Preez, 1995, Genthe & Seager, 1996).

Disinfection in these rural poverty-stricken areas with no access to running water is a
huge problem (Genthe & Seager, 1996). Various cheap and less sophisticated methods
have been in place for some time, including filtration, addition of oxidising chemicals,
boiling and aeration, all with limiting application (small volume) and with sometimes
unreliable results (Solsona, 1996). Most of these methods require some form of

infrastructure and economical investment, and educated or informed use.

Alternative disinfection methods which are efficient, economical, and easy to apply are
therefore needed in the South African rural communities. The provision of such a
method, together with improvement of sanitation and domestic hygiene, could result in
a substantial reduction in the occurrence of water-borne disease and the mortality rate

(Genthe and Seager, 1996; Solsona, 1996).
1.3 AIM
The research aims to test through a laboratory evaluation study, that the solar photo-

oxidation process is a feasible and applicable disinfection process which could be used

in the rural areas of South Africa where clean running water is non-existent.
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14  OBJECTIVES

The objectives of the present research were:

. To determine through controlled laboratory experimentation, the feasibility and
the applicability of the solar photo-oxidation process as an alternative and
economical method of disinfection of hand drawn drinking water in the South

African rural scenario.

. To observe the effects of selected physical and chemical parameters on the
efficiency of the solar photo-oxidation process. The parameters chosen are:
heavy and dense cloud cover; high turbidity; colour of plastic containers;
volume of water; and seasonal variations of solar radiation intensities and

oxygen transfer efficiencies.
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CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

Solar radiation has well known antimicrobial properties and has been used for centuries
in food preservation and water treatment. Historians believe that exposure of water to
sunlight was practised as long ago as 2 000 BC in India. The rediscovery of this art

could prove to save lives in many developing countries (Bingham, 1985).

The application of solar radiation as a disinfectant of water in countries with a
consistently sunny climate, has been investigated and illustrated by various authors
including Calkins et al. 1976; Acra et al. 1984 and 1989; Joyce ef al. 1992 and 1996;
McKenzie et al., 1992; Conroy et al., 1993 and 1996; Wegelin & Sommer, 1996 and
1997; and McGuigan ef al., 1998 and 1999. A wide range of enteric bacteria and
viruses which were variably inactivated by exposure to sunlight radiation, including the
physical and chemical factors which influences the practical application of solar
disinfection were reported by these authors. The following represents a summary on
the results of these investigations. The discussion is divided into three sections, viz.,

solar radiation, influencing parameters, and solar photo-oxidation.

2.2 SOLAR RADIATION

Introduction

Solar radiation uses solar energy to improve the microbiological quality of water by

eliminating the pathogens which can cause water-borne disease (Wegelin, 1999).
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Laboratory application

Initially solar radiation investigation was applied under controlled conditions in the
laboratory. Acra et al. (1984) and Bingham (1985) reported a 99,9% kill of total
bacterial populations in 300 minutes and a 99,9% kill of coliform bacteria in 95
minutes of natural contaminated water through solar radiation application. Under
normal room conditions, i.e. no direct sunlight, the 99,9% destruction levels were
achieved in only 850 minutes and 300 minutes, respectively. When the water samples
were placed in complete darkness (no sunlight), the total bacterial population steadily
increased, while the coliform bacteria died off naturally at an extremely low rate. Shah
et al. (1996) sterilized water which was then deliberately contaminated with
Escherichia coli and exposed to solar radiation for several hours. A decrease from

several thousands to less than one coliform unit (CFU) per ml water was observed.

Although most of the researchers focussed mainly on total coliforms (TC) and faecal
coliforms (FC) as indicator organisms, the potential application of the solar radiation
disinfection process to kill or inactivate other types of pathogenic microorganisms was
identified. Both Acra et al. (1984) and Bingham (1985) investigated the destruction
times for typical microorganisms found in faecally contaminated water. The time
required for complete destruction of each microorganisms was found to be:
Pseudomonas aeruginosa - 15 minutes; Salmonella flexneri - 30 minutes; Salmonella
typhi and Salmonella enteritidis - 60 minutes; Escherichia coli - 75 minutes; and
Salmonella paratyphi B - 90 minutes. The results were promising for some of the
microbial species, but for Vibrio cholerae no really successful data were reported up to

date.

The effect of solar radiation on water-borne and water-transmitted pathogenic
protozoan and viral species were also investigated. Wegelin ef al. (1994) reported the
inactivation of bacteriophages f2, encephalomyocarditis viruses (EMCV), and
rotaviruses by UV-C radiation. EMCV was the most resistant of the viruses, while

bacteriophage 2 and the rotavirus showed a 3-log reduction. It was suggested by the
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authors that bacteriophage f2 can be used as another indicator organism to monitor
efficiency of solar radiation disinfection. Lawand (1988) concluded that the protozoa
Giardia lamblia can be destroyed to a lesser extent than bacteria and viral cells by
solar radiation. Ciochetti and Metcalf (1984) thermally inactivated cysts of Giardia

lamblia, Giardia muris and Entamoeba histolytica at 56°C in 10 minutes.
Full-scale field applications

Full-scale field applications were performed on both small and large quantities of water
collected for drinking purposes. Calkins et al. (1976) were the first to study the effect
of solar disinfection in waste stabilisation ponds downstream from a wastewater
treatment system. They suggested both UV-A and UV-B radiation to be the important
environmental factor highly lethal to most pathogenic microorganisms. In subsequent
investigations, the synergistic role of temperature with ultraviolet radiation was
emphasized and illustrated. Wegelin et al. (1994) concluded that water temperature of
between 20° and 40°C did not affect the inactivation of bacteria by UV-A radiation.
Synergetic effects were only observed at threshold temperatures of 50°C and higher,
when the fluence time required for Escherichia coli inactivation was decreased more
than three times from 300 to 90 minutes. McGuigan et al. (1998) confirmed this
conclusion, indicating that strong synergy between optical and thermal inactivation was

observed at water temperatures above 45°C, but optimally between 50° and 70°C.

From the full-scale field studies, the SOPAS (solar pasteurization) and SODIS (solar
disinfection) processes were developed. The SOPAS disinfection process employs the
pasteurization effects of solar radiation at temperatures above 70°C (Joyce et al.,
1996), while the SODIS process makes use of the synergistic effect of solar radiation
and temperature between 50° and 70°C (Wegelin et al., 1994; Sommer et al., 1997). A
problem experienced with the SODIS and SOPAS field applications (both batch and
continuous flow), was to maintain a working temperature of between 50° and 70°C,
and higher than 70°C, respectively. This could prove to be the limiting factor for

application for the process under little supervision and with unqualified technicians.
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Full-scale field application of the SODIS process in Kenya gave a three-log reduction
(99,9%) of both faecal coliforms and Vibrio cholerae over a period of 140 minutes at a
UV-A dose of 54 W.h/m? (Sommer et al., 1997). The authors stressed the fact that a
water temperature of more than 55°C was needed to obtain these results - a process
called thermal radiation. Wegelin (1999) confirmed these results while at the same time
claiming that the SODIS process can also inactivate the common human parasites

Cryptosporidium that causes severe diarrhoea.

SOPAS field application was shown by Joyce et al. (1996) in a Kenyan rural village,
where water samples heavily contaminated with Escherichia coli (20 x 10° CFU/ml)
were totally disinfected within seven hours with no viable cells observed at the end of
the experiment or after a lag period of 12-h. This indicates that the bacterial cells did
not recover and were irreversible inactivated, damaged and/or killed. What made this
results interesting and remarkable was the presence of high and variable turbidity

ranging between 5 and 2 000 nephelometric turbidity units (NTU).
Continuous flowing water

The application of solar radiation on continuous flowing water was investigated as the
next logical step. Wegelin ef al. (1994), Wegelin (1995), Acher et al. (1994), and Acra
and Ayoub (1997) reported three pilot plant applications in Tel-Aviv, Beirut and Costa
Rica respectively, operating at a 50 m*/h continuous flows. The average disinfection
time was found to be 35 minutes with a 4- to 5-orders of magnitude faecal
microorganism reduction and with no apparent reactivation of the inactivated faecal

microbial cells.

In another application, Acra and Ayoub (1997) used mirrors to concentrate sunlight
directly onto water containers. A 3-s exposure time was allowed at a flowrate of 0,15
m’/h, resulting in a 5-order magnitude of microbial killing. No reactivation was evident

even after seven days.
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Summary

Solar radiation has been investigated and applied in various laboratory and full-scale
field studies. The results indicated that almost all the pathogenic microorganisms found
in faecally contaminated water, can be destroyed and/or inactivated by the radiation
energy from the sun. Solar disinfection may thus offer a way of decreasing the risk of
infection in circumstances where (i) the surface waters are faecally contaminated; (ii)
where conventional water supplies are unavailable, disrupted or inoperative; or (iii)

short term treatment is needed during an outbreak of cholera or bacterial diarrhoea.

2.3 INFLUENCING PARAMETERS

Because normal solar radiation gave variable results, most of the authors looked at a
wide variety of parameters which could influence the efficiency of the solar radiation
disinfection process, i.e. turbidity; temperature; dissolved oxygen; type, colour and
shape conta’~rs; presence of ~2nsitizing dyes, organics and other chen*~~ls; volume of
water; eff~~""ve area of penetration and/or depth of water; weather patterns; and type

and initial concentration of microorganisms.

Turbidity

Bingham (1985), Wegelin et al. (1994) and Joyce et al. (1996) investigated the effect
of turbidity on the disinfection efficiency of solar radiation. All the authors concluded
that high concentration of turbidity (up to 300 NTU) will interfere with the solar
transmission and prevent the radiation to reach all of the microbial cells. Particles
contributing to the turbidity will shield and protect the microbial cells through
attachment or, by scattering the radiation that penetrates the water. In contradiction to
this, Joyce et al. (1996) reported significant results where water heavily contaminated
with Escherichia coli (20 x 10® CFU/ml) and with high and variable turbidity ranging
between 5 and 2 000 nephelometric turbidity units (NTU), were totally and irreversibly

disinfected within seven hours.
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Temperature

Temperature was investigated for its individual and synergistic effect on the solar
disinfection process (Joyce et al., 1996; Sommer et al., 1997). The conclusion made by
the investigators, was that temperatures above 45°C (optimally between 50° and 70°C)
will posi** rely influence the disinfection process, whereas temperatures lower than

45°C did not have any significant effect on the disinfection action.
Dissolved oxygen

The influs ce of dissolved oxygen was observed by Acher et al. (1994), Parodi et al.
(1996) and Reed (1996). The authors agreed that DO acts synergistic with solar
radiation during the disinfection process, but only at concentrations of 1,5 mg/1 and
higher. Through this investigation the solar photo-oxidation process was suggested

(Reed, 1996). This disinfection process is described and discussed extensively later in
this chapter.

Glass vs plastic containers

The use of glass or plastic water containers, either as bottles or bags, was researched
by Shah, et al. (1996), Wegelin and Sommer (1996), and Sommer et al. (1997). In all
the applications, the glass bottles gave slightly better disinfection results than plastic
bottles. However, under full-scale field application, plastic bottles were preferred by
the community members for convenience and availability. The question whether to use
plastic bags or clear bottles is still under investigation, as preliminary results are
conflicting. With smaller volumes (2 to 5 litres) the bags are a viable option, but with
application on larger scale (up to 25 litres) it becomes impractical. Bottles would thus
be preferred with larger velumes. A benefit which the bags have is the higher radiation
penetration level which could be achieved together with the rapid increase of
temperature to the desired values. The shape of the containers was found to have only

a slight increase in the required exposure time. Rounded shape containers proved to be

10
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the best choice, followed by cylindrical, conical and square-shaped containers (Acra et

al., 1984).
Colour of containers

The most appropriate colour of the bottles or bags to be used, which would yield
optimum results in terms of bacterial destruction, was also investigated. Colourless
containers are the best choice as they transmit light in the near ultraviolet region (the
most lethal range) as well as visible light, into the contaminated water. Violet and blue
containers are next in the priority of use, followed by green, yellow, orange and red.
The walls of coloured containers, unlike the walls of colourless or blue containers,
obstruct the transmission of the most lethal rays of sunlight (Acra et al.. 1984;
Bingham, 1985). With the application of SODIS and SOPAS, it was found that black
bags and bottles were the best choice, as black absorbs most of the energy from
radiation and increases the temperature of the water to the required value (Sommer et

al., 1997; Wegelin, 1999).
Effective area or depth of penetration

The effective area of solar UV penetration and/or the depth of the water was
investigated by various authors. Calkins ef al. (1976) suggested that a large surface
area for any given volume will make the disinfection process more efficient. Wegelin
(1999) indicated that UV-radiation decreases with an increase in water depth, i.e. a
water depth of 10 cm will reduce the radiation by 50%. The author concluded that a
water depth of six to 10 cm is recommended for containers with large areas available
for penetration, while a depth of less than 6 cm must be used if the area of penetration
is small. In addition to water depth, the thickness of the container walls will also
reduce the radiation which can come in contact with the contaminated water.

However, in all cases the reduction in radiation can be overcome by longer radiation

periods (Acra et al., 1984).

11
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Presence of interfering chemical substances

The presence of sensitising dyes, organics and other chemicals in the collected water
was investigated by various authors (Bingham, 1985; Pelizetti er al., 1990; Acher et al.
1994; Spiewak et al., 1996; Acra & Ayoub, 1997). Sensitising dyes (usually methylene
blue) in the presence of aeration, acts as an intermediary for the absorption and transfer
of sunlight energy to activate DO and/or to destabilize the organic matter and
microorganisms as the oxidation target. This results in a higher adsorption rate of

energy and faster inactivation and destruction of the microbial cells.

The presence of reasonable concentrations of organic impurities did not hinder the
disinfection process, but further research is still needed to investigate the photo-
decomposition of photo sensitive organic compounds upon exposure to sunlight.
Exposing the water to sunlight can also have a photo-catalytic degradation effect on
organic pollutants such as aliphatic and aromatic hydrocarbons, phenols,
polychlorodioxins, pesticides, surfactants, amines, and anilines (Pelizzetti et al. 1990;
Spiewak et al., 1996), can result in formation of CO,, mineral and inorganic acids and
other by-products. Most of these by-products will not have a negative effect on the

water quality.
Volume of water

Wegelin (1995) observed the feasible volume of water that can be disinfected with
solar radiation. He concluded that one can apply the process to smaller volumes (from
1 to 25 litres) for household use and on large scale continuous flow systems alike. The
continuous flow systems were tested at an initial 200-litre capacity per day at an
operating temperature of 50°C which was reached within 50 to 90 minutes. A 4-log
faecal coliform concentration in the raw water was completely reduced in the reactor.
Acher et al. (1997) applied solar radiation on a continuous flow plant in Israel with a
flow rate of up to 50 m’/h. Disinfection time was 35 minutes and a decrease in

microbial population was between 4 and 5 orders of magnitude with no photo-

12
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reactivation during seven days. Similarly, Fjendbo Jorgensen et al. (1998) produced
drinking water at 0,050 m’ per m” of solar panels after concentrating heat and solar
radiation through a flow through system of copper pipes.

Weather patterns

The influence of weather patterns, specifically cloud cover, and daily and seasonal
variations, was discussed and observed by many authors. Clouds tend to reduce the
intensity of direct sunlight (both UV and visible light). The thicker the clouds, the more
the sunlight is restricted. This as such does not reduce the efficiency, but will
necessitate an increase in the time of exposure (anything from one to several hours,
depending on the thickness of cloud cover) to ensure germicidal action (Acra et al.,
1984). Sommer et al. (1997) also assessed the impact of clouds on the process
reliability. Their experiments indicated three times more energy to be available for
heating and irradiation on a clear day as compared to a completely overcast day. The
authors further concluded that a slightly overcast day did not have any effect on solar
radiation, while 50% cloud cover reduced the radiation by 36% and a very cloudy day

reduces the radiation even further to 47%.

As the intensity of sunlight varies during the day, it is recommended to expose the
containers to solar radiation between ten o’ clock in the morning and two o’ clock in
the afternoon, i.e. when the sunlight shows the greatest visible and ultraviolet light
radiation intensities. Acher et al. (1994) illustrated that the variation experienced in
solar radiation levels during the four seasons (spring, summer, autumn and winter), did

not influence the disinfection efficiency adversely.
Type and initial concentration of microorganisms

The type and initial concentration of microorganisms will influence the time of
exposure and the efficiency of the solar radiation disinfection process. Several species

of viruses, algae, fungi and bacteria have shown sensitivity to solar radiation, visible

13
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light and/or temperature (Acher & Juven, 1977; Wei et al, 1994). Streptococcus spp.
showed slightly more resistance to UV radiation than coliforms and specifically,
Escherichia coli. Enteroviruses and rotaviruses are highly thermoresistant as compared
to faecal coliforms and other pathogenic bacteria, such as Vibrio cholerae (Wegelin,
1999). When solar radiation and temperature are used synergistically, the resistance are

quite significantly reduced.

Higher microbial concentrations have a lower sensitivity to solar radiation. A
concentration of not more than 1 000 CFU/100 ml of raw water was suggested for
efficient solar disinfection at low exposure time (Wegelin et al., 1994). In reality this
concentration is usually much higher in nature. Joyce ef al. (1996) found for example
bacterial concentrations of 10 000 CFU/100 ml of raw water. The authors did not
experience any problem in destroying these bacterial cells in a relative short period of
exposure (5-h), especially with the synergistic relationship of solar radiation and

temperature.
Summary

The disinfection efficiency of solar radiation and the rate of microbial cell inactivation
and/or destruction, depends on various influencing factors as illustrated above.
Referring to the discussion above, the most important factors are: the intensity of the
sunlight and the time of exposure; the type and concentration of bacteria being
exposed; the characteristics of the containers; and the clarity of the water and the

depth of radiation penetration.

2.4 SOLAR PHOTO-OXIDATION

Reed (1996) evaluated specifically the function of oxygen as a factor which influence
the efficiency of the solar disinfection process. The research led to the development of
a process called solar photo-oxidative disinfection (SPD). This process is also referred

to as the SOL-AIR process (Reed, 1996 and 1997a). The solar photo-oxidation

14
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disinfection process relies on the synergism of two natural available constituents,
oxygen from the atmosphere and solar ultraviolet radiation (specifically UV-A and

UV-B).

Reed (1996) performed controlled laboratory experiments and showed a Ty, , for
Escherichia coli of 100 minutes under aerobic conditions and 360 minutes under
anaerobic conditions. Similarly the Ty, , for Enterococcus faecalis was 90 minutes
aerobically and 1 030 minutes anaerobically. Mixed faecal coliform (FC) populations
and faecal streptococci (FS) had Ty, values of 210 minutes (FC aero ‘c) and 520
minutes (FC anaerobic), 190 minutes (FS aerobic) and 1 600 minutes (FS anaerobic).
These results indicated solar radiation will only be fully effective in the presence of
dissolved oxygen.

Further studies indicated that the mean inactivation rate of stationary _hase
Escherichia coli and Enterococcus faecalis cells have a decreased sensitivity to the
physico-chemical stress of UV and oxygen. This would most probably be
representative of enteric mixed bacteria populations in natural waters, which are under

conditions of restricted growth and nutrient limitation (Reed, 1997b).

Preliminary field studies performed in South Africa and India, showed at 13 to 40%
oxygen saturation values, rapid decrease of faecal indicator bacteria within 3 to 6 h,

with no evidence of reactivation after 24-h (Reed et al., 2000).

2.5 SUMMARY

From the discussion and literature survey presented above, it can be concluded that
extensive research in the field of solar radiation and solar photo-oxidation has been
conducted world wide. Solar radiation is a simple process designed to resolve
microbiological water quality problems in developing areas which are deprived of safe
drinking water. However, the process has its disadvantages and limitations. Solar

radiation disinfection will depend on the geographic location and the prevailing
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climatic conditions of the said area, and to the daily and seasonal variations which

depends on the latitude.

Solar photo-oxidation, on the other hand, needs some more research and full-scale
applications to prove its applicability and acceptability within the rural and developing
areas of the world. However, preliminary results showed that photo-oxidation may
provide a practical, low-cost alternative approach to the microbiological quality of
drinking water obtained from sources such as rivers, streams, and boreholes (Reed ef

al., 2000).
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CHAPTER 3

THEORETICAL BACKGROUND

SOLAR PHOTO-OXIDATIVE DISINFECTION

3.1 INTRODUCTION

Solar photo-oxidative disinfection of hand drawn water can be used on household level
with very little economical investment or any need of elaborate infrastructures. The
process relies on the synergistic effect of solar UV radiation and oxygen from
atmospheric air, to lethally affect the bacterial cells in a water source. Solar photo-
oxidation consists of four stages which should be exactly followed, in order to ensure
optimum faecal coliform destruction (Figure 1). Stage 1 involves the filling of the
water containers early in the morning with water direct from the source. The
containers must not be filled up to capacity, but some void space should be left at the
top of the container for air/oxygen exchange. In stage 2, each container is capped and
shaken vigorously for a few minutes to ensure oxygen saturation. Dirt, labels or any
visible interferences should be removed from the outside walls of the container. Next,
the containers are placed in full and direct sunlight for a minimum period of 3 to 5
hours. Care should be taken that the containers are not shaded by one another or by
trees or walls. The time of exposure will depend on the concentration of
microorganisms, intensity of UV radiation, turbidity concentration and the presence of
other impurities in the raw water. As microorganisms will consume DO during the
breakdown of organic matter present in the water, vigorous shaking is applied
regularly (at least four times during the total exposure time) to dissolve and saturate
oxygen into the water. The final stage involves the storage of the water containers with
the disinfected water in a cool place to reduce the temperature of the water to an

acceptable value for drinking purposes (Reed, 1997a).
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The following section describes the disinfection actions of each of the components
involved in the solar photo-oxidative disinfection process and tries to give an
explanation of the synergistic disinfection action ultraviolet radiation and oxygen will

have on the bacterial cells.

3.2 DISINFECTION ACTION OF ULTRAVIOLET | 4 [ATION

Sunlight consists of various bands of electromagnetic waves, ranging from invisible
ultraviolet rays to the visible and infra red ranges. Ultraviolet radiation falls in the

wavelength range of 100 to 400 nm (Figure 2).

a) SOLAR RADIATION WAVELENGTHS (nm)

Invisible range Visible range Invisible
range

Ultraviolet Violet Blue Green Yellow Orange Red Infrared

100-400 400-425 | 425-490 490-575 575-585 585-650 | 650-700 | 700-14000

b) ULTRAVIOLET RADIATION WAVELENGTHS (nm)

Vacuum UV uv-C UV-B UV-A
Extreme UV Far UV Mid UV Near UV
100 - 200 200 - 280 280 - 320 320 - 400
Figure 2. Spectrum of a) solar radiation and b) ultraviolet radiation (Acra et
al., 1984).

Solar radiation is depleted or attenuated through absorption, scattering and reflection
in the stratosphere with its thin layer of ozone and the troposphere with its cloud
formations and other weather conditions. In the stratosphere the solar UV radiation is
absorbed. Shorter wavelengths of UV radiation of up to 350 nm, are more effectively
absorbed than longer wavelength radiation. This shields the earth from the biological
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harmful radiations below 280 nm, allowing only a fraction of UV-A and UV-B
wavelength bands to reach the earth’s surface. The ultraviolet component from
sunlight 1s also reflected and scattered in the troposphere by water droplets and ice in
the clouds, and by particulate matter such as dust, smoke, haze and smog. The
scattering is inversely proportional to the wavelength and is most effective at the short
wavelengths. The degree of scattering decreases as follows: UV-B > UV-A > violet >
blue > green > yellow > orange > red > infrared (Acra et al., 1984; Lawand et al.,

1988).

According to Pelczar et al (1993) and McKane & Kandell (1996) the bactericidal
action of ultraviolet radiation is focussed on the intracellular material of the bacteria.
Ultraviolet light is absorbed by many of the intracellular compounds of the bacterial
cell, but the deoxyribonucleic acid (DNA) usually suffers the most damage. If the
bacterial DNA is exposed to UV radiation, pyrimidine dimers will form when two
adjacent pyrimidines on the same DNA strand, bond together (Figure 3).

Bacterial cells have a repair mechanism in place in the form of special intracellular
enzymes which can remove and replace these pyrimidine dimers. If this repair
mechanism does not work, the DNA replication is inhibited or altered, causing death

or mutation to the microbial cells (Pelczar et al., 1996; McKane & Kandell, 1996).

The highest bactericidal action occurs at a wavelength of 260 nm (i . an effective range
between 200 and 350 nm), which is where the DNA absorbs the most ultraviolet light.
The UV light which actually reaches the earth surface is restricted to - wavelength
range from 295 to 400 nm. Of the UV light in this range which actually reaches the
earth, the UV-A light with wavelengths between 315 and 400 nm are the most
effective in terms of disinfection, accounting for 70% of the bacterial destruction

potential. Visible light at wavelengths between 400 and 750 nm

20
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accounts for the remaining 30% destructive capacity (Acra et al., 1984; Wegelin et al.,
1994). The intensity of the sunlight varies with latitude, geographic location, season,
cloud coverage, atmospheric pollution, elevation above sea level, and solar altitudes.
All these factors contribute towards the limitation of the microbicidal properties of UV
light as a sole disinfectant (Solsona, 1996).

3.3  DISINFECTION ACTION OF OXYGEN

Most members of the Enterobacteriaceae are facultative microorganisms, growing
either in atmospheric air (aerobic) or in the absence of air (anacrobically). Oxygen is
usually used for energy-yielding chemical reactions and not for bacterial cell growth.
According to Pelczar ef al. (1993) the toxicity of oxygen for some species of bacteria

can be contributed to the molecules produced during oxidation reactions. One of these

molecules which are formed is a superoxide radical ( O, .):

O,+e > O, (1)

These superoxide radicals can cause damage to a cell, but are usually converted to

hydrogen peroxide ( /1,0, ) and hydroxyl radicals ( OH.) in the presence of ion

complexes:
20, +2H™ - 0,+ H,0, 2)
Iron complexes
O, + H,0, > O, + OH + OH (3)
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Hydroxyl radicals are short lived (1/10 000 s) and are one of the most reactive
chemical substances known. These substances can damage every kind of molecule
found in living cells, including the DNA of microorganisms (McKane & Kandell,
1996).

Various protective mechanisms have been developed by the bacterial cell for
protection against hydroxyl radicals, including production of the enzyme superoxide
dismutase which will eliminate superoxide radicals by converting them rapidly to
hydrogen peroxide (see equation 2). The hydrogen peroxide is then dissipated by
catalase to oxygen and water or by peroxidase to water. The elimination of both
superoxide radicals and hydrogen peroxide means that equation 3 cannot proceed and
hydrogen radicals will not be formed. All the enzymes are produced through
information from the DNA, thus if the DNA is to be damaged, this protection
mechanism will subsequently be inactive (McKane & Kandell, 1996 and Pelczar ef al.,
1993).

34  SYNERGISTIC DISINFECTION ACTION OF ULTRAVIOLET
RADIATION AND OXYGEN

As illustrated in the discussions above, both solar UV radiation and oxygen can
inactivate the intracellular material of bacterial cells, specifically the DNA, as
disinfectants on their own. When applying both parameters at the same time, solar
photo-oxidation, a synergistic effect is observed, with higher inactivation rates for
many types and species of faecal coliforms. The synergism could be explained as
follows: if the DNA of a bacterial cell is damaged or inactivated (production of
pyrimidine dimers) through exposure to solar UV radiation, additional contact and
exposure to dissolved molecular oxygen radicals will irreversibly damage the DNA and
other cell material by inhibiting the internal repair mechanisms and/or production of
essential enzymes needed by the cell. The same should be true if the cell was exposed

to oxygen initially and then afterwards to solar UV radiation.
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Solar photo-oxidative disinfection is thus an attractive and effective approach to low-
income people living in rural and underdeveloped communities. Although the process
has shown to be effective under controlled laboratory conditions in the United
Kingdom (UK), more laboratory and full-scale field studies need to be initiated and
monitored to observe the practical application possibilities and acceptances in South
African communities. Practical applications include the provision of treated water to
people with no access to clean running water, emergency water supplies, short term
treatment after flooding, provision of drinking water to babies and the elderly,
provision of oral re-hydration solutions, and short term treatment of sources

contaminated with pathogenic bacteria such as during outbreaks of cholera.
3.5 SUMMARY

From the information presented by Reed in 1996 and 1997, a laboratory-scale research
project was suggested, proposed, designed and performed by the author to observe
and monitor the synergistic effect of photo-oxidative disinfection on coliform
microorganisms present in feacally contaminated hand drawn drinking water. The
research also observed the effect that some specifically identified physical and chemical

parameters would have on the disinfection efficiency of the process.
The following report summarizes and discusses the results obtained from a

comprehensive laboratory evaluation study of the solar photo-oxidative disinfection

process.
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CHAPTER 4
LABORATORY ANALYSES

41 INTRODUCTION

The solar photo-oxidative disinfection process was applied under controlled laboratory
conditions to de-chlorinated tap water contaminated with raw sewage on the premises
of Technikon Northern Gauteng, Soshanguve. All the physical, chemical and
microbiological analyses were performed in the microbiology laboratories of the

technmkon.

42 EXPERIMENTAL PROCEDURE

4.2.1 Solar photo-oxidative disinfection

Source of water and sewage

Screened raw sewage was collected from Klipgat Sewage Treatment Works,

Soshanguve, Pretoria.

Tap water was de-chlorinated through addition of 0,2 ml of a 3% solution of
sodium thiosulphate (Merck, Na,S,0;.5H,0). The de-chlorinated tap water
was inoculated (contaminated) with 2% (v/v) raw sewage to give total coliform
and faecal coliform counts of between 25 000 and 31 000 CFU/100 ml and 20
000 and 30 000 CFU/100 ml, respectively.

25



UNIVERSITY OF PRETORIA

-
=
ﬂ UNIVERSITEIT VAN PRETORIA
& YUNIBESITHI YA PRETORIA

Physical and chemical analyses

Using a calibrated Mettler Toledo (M90) portable meter, the following

parameters were measured for each sample taken:

. pH (0 to 14 pH units, resolution of 0,01 pH units)

. temperature (-0,5° to 100°C, resolution 0,1°C)

. total dissolved solids (TDS) (1 to 10 g/l, resolution 0,01 g/)
. dissolved oxygen (DO) (0 to 20 mg/l, resolution 0,1 mg/1).

All probes had temperature compensation as a standard feature.

A portable Lovibond turbidity meter (DRT 15CE) with a measuring range of
between 1 and 1 000 mg/1 (+/- 4%) was used to measure the turbidity of the
‘samples. The meter was standardized and calibrated with a 0,02 NTU reference

solution.

A Delta Ohm microprocessor controlled quantum photo/radiometer (HD 9021)
was used to measure the UV-A and UV-B irradiances over the experimental
periods. The UV-A probe measured from 10 nano Watt/cm? to 200
milliWatt/cm® (+/- 4%) in the spectral range 315 to 400 nm, peaking at 365 nm.
The UV-B probe measured from 10 nW/cm?® to 200 mW/cm? (+/- 4%) in the
spectral range 280 to 315 nm, peaking at 312 nm. UV measurements was taken
in direct sunlight and for penetration purposes, the probes were placed inside

the containers (suspended in the water).

Microbiological analysis

The standard membrane filter (MF) technique was used. Since diluted raw
sewage was used, the suggested sample volume of 2 ml was filtered through 47
mm membranes of 0,45 um (HA-type) and 0,7 um (HC-type) pore sizes,
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respectively. HC-type filters allow improved recovery of stressed faecal

coliform, resulting in a more reliable result (Millipore, 1992).

The 0,45 um pore size filters were transferred aseptically to 65 mm petri dishes
containing freshly prepared m-Endo agar (Merck), while the 0,7 pm pore size
filters were transferred aseptically to petri dishes containing freshly prepared
MFC agar without rosolic acid (Merck). Inverted m-Endo agar petri dishes
were incubated at 35°C (+/- 0,5°C) for 24 h and the M-FC agar petri dishes at
44,5°C (+/- 0,2°C) for 24-h.

Enumeration of colonies was performed using the grid system. Colonies with a
gold metallic green sheen on the m-Endo agar plates was taken as positive for
total coliform growth and light to dark blue colonies on the MFC agar plates as
positive faecal coliform growth. Results were reported in number of indicator

organisms per 100 ml (CFU/100 ml) using the following formula:

cells _counted

CFU /100ml = x100 (4)

ml_ sample

The following microorganisms were positively isolated and identified from the
raw sewage: Escherichia coli and Streptococcus sp. The ratio of Escherichia
coli to Streptococcus sp. in the raw sewage, was 2,3:1. During reactivation
studies after the application of the solar photo-oxidative disinfection method,

no Escherichia coli and Streptococcus sp. could be isolated in designs A or B.

Quality control was performed by an independent laboratory which sampled at
random and tested as per described method above. A 95% (+/-2%) correlation
was maintained throughout experimental period. A coliform confirmation kit

from Millipore was used to randomly confirm positive coliform results.
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Experimental design

The initial experiment was set up using 5 litre white plastic polyethylene

terephthalate (PET) containers. All labels and writing were removed from the

container walls prior to the experiment, as these could interfere with the

transmission of oxygen and UV radiation through the side walls of the various

containers. Four (4) basic experimental designs were set up to observe the

influence of sunlight and dissolved oxygen in various combinations:

Design A:

Design B:

Design C:

Design D:

5 litre plastic container (4 800 ml de-chlorinated tap water and
100 ml raw sewage); direct sunlight; shake vigorously to allow

oxygen to dissolve in contaminated water; leave open.

5 litre plastic container (4 800 ml de-chlorinated tap water and
100 ml raw sewage); direct sunlight; bubble nitrogen gas
through for 10 minutes before contamination with sewage in
order to remove dissolved oxygen in the water; close tightly

with a cap.

5 litre plastic container (4 800 ml de-chlorinated tap water and
100 ml raw sewage); indirect sunlight (shade); shake vigorously

to allow oxygen to dissolve in contaminated water; leave open.

5 litre plastic container (4 800 ml de-chlorinated tap water and
100 ml raw sewage); no sun - direct or indirect (place in dark
room); bubble nitrogen gas through for 10 minutes before

contamination with raw sewage; close tightly with a cap.
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After shaking the bottles every hour, samples were taken, analysed and results
recorded for graphical and statistical analyses. Great care was taken to prevent
any secondary contamination of disinfected water during sampling, through the

use of aseptic techniques.
4.2.2 Cloud cover

The experimental designs and procedures described above were repeated under
semi-cloudy and heavily overcast and cool conditions (no direct sunshine with
low, thick and dense cloud cover). Physical, chemical and microbiological

analyses were performed on samples taken as described previously.
4.2.3 Turbidity

The solar photo-oxidation experimental setup was repeated on water with high
turbidity. Turbidity was artificially introduced through the addition of 1,5%
calcium carbonate (CaCQ,, Saarchem) to give a final average turbidity value of
280 NTU. Physical, chemical and microbiological analyses were performed as

previously described on representative samples.
4.2.4 Volume and colour of containers
Volume

Based on the results obtained in the three experiments performed initially, only
the solar photo-oxidative experimental procedures were repeated using plastic
containers with effective volumes of 2 litres, S litres and 25 litres, respectively.
The containers were filled up to 95% of their respective capacities. Physical,
chemical and microbiological analyses were performed on the samples as

described before and results recorded.
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Colour

To investigate the influence different coloured plastic will have on the UV
radiation penetration into the containers and the water, the solar photo-
oxidation experiment was repeated using various coloured 5 litre plastic water
containers, i.e. black, yellow, red, blue, white, and transparent. All physical,
chemical and microbiological analyses as mentioned before were performed and

results recorded.
4.2.5 Seasonal variation

The variations in dissolved oxygen saturation concentrations and UV-A and
UV-B irradiation over the 4 annual seasons was monitored. The effect of these
variations was investigated by repeating the solar photo-oxidation experiment
described earlier over a period of 12 months (May 1998 to April 1999). All
physical, chemical and microbiological parameters listed were analysed with

described methods, and average monthly results are reported.
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Thus, one can conclude that although the FC destruction was not as good under
heavy and dense cloudy conditions and did not result in a water with an
acceptable microbiological quality, this could be overcome by longer exposure
times or by lowering the initial FC concentrations. Exposure times longer than 9
hours will not always be feasible or possible, but if the disinfection process and
water supply is managed and planned well in advance, disinfection can be

resumed the following day.

TURBIDITY

Another physical factor which can have an influence on the efficiency of the disinfection

process, is high turbidity (Joyce ef al., 1996). The turbidity of the tap water was
increased artificially with calcium carbonate from 1,5 NTU to 280 NTU. This made
the water milky and visibly turbid. The effect this factor had on the penetration of UV

and diffusion of oxygen and finally on the solar oxidative disinfection process is

described below.,

5.3.1 Physical and chemical analyses

Table 3 summarizes the values of the physical and chemical parameters in the
raw water with the high turbidity. The DO values once again was above the
critical minimum value of 1,5 mg/l and the temperature below 40°C. A higher
rate of oxygen consumption and/or reduction was observed in both
experimental designs A and C, 1,4 and 1 mg/l, respectively. This can be
attributed to oxidation of DOM and to the high concentration of particles
present as turbidity. The turbidity particles collide with the oxygen bubbles,
attach to them and carry them with as they settle or float out of the main water
body. This was partially overcome, by the vigorous shaking, which broke these
attachments and kept most of the oxygen in the water. The TDS and pH values

did not have an effect on the various designs of disinfection processes.
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types of plastic the various containers were made of. Some types of plastic

material are more porous than others, and can therefore allow higher

concentration of gases to diffuse into and out of the water nside the containers.

Table 5. Physical and chemical parameter value ranges over the
experimental period (5 I coloured containers).
DO (mg/) Temp (°C) | TDS(g/M) | pH | Turbidity
(NTU)
‘White 28-2,1 23,5-355 1,45 7,98 | 1,25
Transparent 2,85-2,0 24,1 - 38,95 1,39 7,85 1,3
Biack 1,95-1,9 24,1 - 39,21 1,43 7,86 | 1,6
Red 2,4-2,1 23,65 -36,9 1,34 7,99 | 1,35
Blue 1,99 -2,05 24,9 -37,2 1,39 7,82 | 1,52
Yellow 2,1-1,96 23,87 - 26,78 1,41 7,79 1,23

The temperature of the water inside the black container had the highest
temperature because the energy from solar radiation is absorbed more readily by
the black coloured plastic. The energy is converted to heat, which in turn will
increase the temperature of the water. The transparent container had the
second highest temperature, followed by the blue, red, white and yellow

containers.

The other physical and chemical parameters, TDS, pH and turbidity had values
similar to those observed in the previous experiments. These parameters did not

have any noticeable effect on the disinfection action or efficiency.

Transparent and white containers showed the highest penetration of radiation,

followed by red, yellow, black and blue (Figures 18 and 19). This is in contrast
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5.5 SEASONAL VARIATION OF RADIATION INTENSITIES

The described solar photo-oxidative disinfection laboratory experiments were
performed over a 12 month period, from May 1998 through to April 1999, to observe
the influence by the seasonal variations in ultraviolet intensities and oxygen saturation
on the efficiency of the solar photo-oxidation disinfection process. The monthly

average results are reported and discussed in the following section.
5.5.1 Physical and chemical analyses

The DO concentration as illustrated in Table 6, showed an inverse effect with
temperature where the concentration obtained in the water was higher in the
co