
 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



CHAPTER 5 


RESULTS AND DISCUSSION 


5.1 SOLAR PHOTO-OXIDATIVE DISINFECTION 


The solar photo-oxidative disinfection process was applied on laboratory-scale to de

chlorinated tap water contaminated with 2% raw sewage. The rate of faecal coliform 

destruction using both oxygen and solar ultraviolet radiation was compared with the 

disinfection efficiency when using solar radiation and oxygen as disinfectants on their 

own, and with the natural die-off of the bacterial cells under stress conditions, i.e. very 

low oxygen, no light penetration and no food source. The following discussion reports 

and interpret the results obtained. 

5.1.1 Physical and chemical analyses 

The measured physical and chemical parameters of the raw water did not 

change significantly over the experimental period with application of the 

various designs of the solar photo-oxidation disinfection process. Most of the 

physical and chemical parameters measured and reported in Table 1 complies 

with the domestic target water quality guideline ranges for drinking water as 

described by DWAF (1998). 

Although oxygen diffused constantly from the atmospheric air through the 

walls of the plastic containers and into the water during vigorous shaking 

(equilibrium restoration), the DO concentration in the containers in both 

experimental designs A and C, decreased by 0,6 mg/l as some oxygen was 

consumed during the photo-oxidative reactions of dissolved organic matter 

(DOM) present in the raw water. 
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Table 1. Physical and chemical parameter value ranges over the 

experimental period (solar photo-oxidation). 

EXPERIMENTAL DESIGN 

I A I B I c I D I 
DO (mgll) 2,6 - 2,0 0,1 - 0,3 2,5 -1,9 0,1-0,51 

Temperature eC) 23,5 - 35,6 23,5 - 35,8 23,7 - 25,8 23,5 - 24,1 

TDS (gil) 1,47 1,54 1,33 1,49 

Turbidity (NTU) 1,35 1,36 1,05 1,19 

pH 7,04-7,59 7,1-7,65 7,19-7,69 7,14 - 7,57 

The slight increase in DO in the experiments where oxygen was removed 

initially through nitrogen, can be attributed to diffusion from the atmosphere 

through the walls and into the water. The DO in these two setups never reaches 

the recommended minimum value of 1,5 mg/l (Reed, 1997a) and therefore did 

not have a noticeable impact on the FC destruction. The low saturation of 

oxygen at the specified temperatures, can be explained at the hand ofoxygen 

diffusing through the plastic containers during transport and the duration of the 

experiment and the activity of the indigenous microflora ofthe collected water 

samples 

There was an increase in the water temperature from 23,5° to a maximum of 

35,8°C with midday temperatures reaching 38°C. The temperature of the water 

in the shade, ranged from 23,5° and to a maximum of25,8°C. As a temperature 

of more than 40°C is needed to playa significant role in thennal disinfection or 

pasteurization (Metcalf, 1998; Wegelin, 1999), the results indicate that 

temperature did not have a direct role in the destruction of the colifonn 

organisms in the water samples in the experimental designs. 
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Although both total coliform and faecal coliform analyses were performed on 

the sampled water, only the FC results are reported in this document due to the 

following reasoning. Faecal coliforms are essential indicator organisms, which 

should be absent in drinking water to ensure no adverse health effects on the 

end users. If the FC concentration in the disinfected water falls in the 

acceptable target water quality range as prescribed by the DWAF (1998), i.e. 0 

CFU/lOO ml, then the water is "microbiologically safe", with negligible risk of 

microbial infections. Thus if the FC concentration was within the acceptable 

range, an assumption was made that the TC concentration will also be reduced 

to an acceptable concentration. This assumption was made due to the fact that 

FC usually makes up more than 90% of the TC in raw domestic sewage. 

It can be seen in Figure 6 that the efficiency of solar photo-oxidative 

disinfection (design A) was indeed better, compared to where solar UV 

radiation (design B) or dissolved oxygen (design C) was applied as 

disinfectants on their own. Potable water which complies with the target water 

quality guidelines and standard as set by DWAF (1998) and the SABS (1984), 

were obtained within 240 minutes (4-h) when UV radiation and DO was 

applied in synergism, while UV radiation on its own took 8-h to reach the same 

level (100%) ofFC destruction. Oxygen as disinfectant on its own and the 

autolysis pro ned stressed cells (designs C and D), showed a decrease of log 

1,59 (97%) and log 0,88 (87%), respectively, from the initial concentration of 

log 4,3 CFU/100 ml over the total experimental period ofnine hours. 

As some cells could only be temporary inactivated by the oxygen and/or 

sunlight, the water was left overnight and sampled after 24-h for FC growth. In 

designs A and B no reactivation ofFC was observed, hence the cells in these 

designs were irreversibly destroyed and their repair mechanisms inhibited. In 

designs C and D faecal coliform growth was still observed after 24 hours. The 

concentration of FC in these experiments increased with 15% from the final 

concentration obtained on the previous day. The results indicated that there 
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5.2 CLOUD COVER 

There are many external physical parameters which could influence the efficiency of 

oxygen and ultraviolet transfer into the water containers and into the main body of 

water. One ofthese parameters that needed to be investigated, was cloud cover. The 

solar photo-oxidation process and all its described variations, was applied to water 

under semi-cloudy conditions and under conditions with heavy and dense cloud cover. 

The effect on the ultraviolet radiation intensities, oxygen saturation levels, water 

temperature and the Fe destruction efficiencies are reported here. 

5.2.1 Physical and chemical analyses 

Referring to Table 2, the DO in designs A and C reached higher concentrations 

as compared to experiments performed in full sunlight and clear skies. This 

phenomenon can be explained by the fact that the temperature did not reach 

similar high values, thus more oxygen will be saturated in the cooler water than 

in the warmer water. Furthermore, as the bacterial cells were also less 

metabolically active at these lower temperatures and the organic oxidation was 

lower, less oxygen was consumed. 

Table 2. 	 Physical and chemical parameter value range over the 

experimental period (heavy and dense cloud cover). 

EXPERIMENTAL DESIGN 

I A I B I C DI 	 I 
4,8 - 4,4 0,2 - 0,4 4,7 - 4,3 0,2 - 0,6 DO (mgll) 

22,5 - 28,2 Temperature eC) 22,4 - 24,1 21,9 - 28,3 22,2 - 22,4 

1,48 1,51 1,53TDS (gil) 1,54 

1,35Turbidity (NTU) 1,29 1,2 1,25 

7,54 - 7,8 7,54-8,17 7,72 - 8,13 7,75 - 7,93 pH 
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Thus, one can conclude that although the destruction was not as good under 

heavy and dense cloudy conditions and did not result in a water with an 

microbiological quality, this could overcome by longer "''"'-~JV'''''''' 

or by the initial concentrations. 9 

hours will not always be feasible or possible, but ifthe disinfection process and 

water supply is managed and planned in advance, disinfection can be 

resumed following day. 

5.3 TURBIDITY 

Another ....1"1''''''''<> factor can have an on the ofthe dlsmt~~ctlon 

turbidity (Joyce et al., 1996). The turbidity of the tap water was 

increased artificially with calcium carbonate from 1,5 NTU to 280 NTU. 

the water visibly turbid. effect this had on the penetration ofUV 

diffusion finally on the solar oxidative disinfection ....rr.f'p"cc IS 

described below. 

5.3.1 Physical and chemical analyses 

Table 3 the ofthe physical and in the 

raw water with the high turbidity. DO values once again was the 

critical minimum value of 1 mg/I and the temperature below 40°C. A higher 

rate ofoxygen consumption and/or reduction was observed in both 

experimental designs A and and 1 mg/l, respectively. can be 

attributed to oxidation ofDOM and to high concentration of particles 

present as turbidity. The turbidity particles with the oxygen bubbles, 

attach to them and carry them with as settle or float out of the main water 

body. This was partially overcome, by the vigorous shaking, which broke 

attachments and kept most of the oxygen in the water. The and pH 

did not have an on various designs ..._".J'V" processes......Jul. 
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5.4.1 Volume 

Physical and chemical analyses 

The DO concentration measured in the plastic containers over the 9-h 

experimental period, were reduced to a larger extent in the 2-litre water 

container (Table 4). This could be explained by the fact that the water 

temperature was slightly higher than in the other volumes, and subsequently the 

oxygen saturation decreases as the water temperature increases (Black, 1999). 

In the 5 litre and 25 litre containers the DO was reduced gradually, similar to 

previous observations. 

Table 4. 	 Physical and chemical parameter value ranges over the 

experimental period (various water volumes). 

I 21 I 51 -' 251 

DO (mgl1) 3,3 - 1,8 3,3 - 2,2 3,8-2,16 

Temperature eC) 24,4 - 38,4 27,2 - 36,9 25,3 - 36,5 

TDS (gil) 1,47 1,25 1,28 

Turbidity (NTU) 1,2 1,18 1,3 

pH 7,45 - 7,53 7,47 - 7,5 7,4 - 7,58 

Figure 16 summarizes the penetration ofUV-A radiation through the increasing 

volumes of water in the white PET plastic containers. The smaller the volume, 

the more radiation can penetrate the water. Radiation penetration decreases of 

3% for the 5-litre container and 14,7% for the 25-litre container were observed. 

This decrease can be attributed to an increase in the depth and the distance the 

radiation needs to travel with an increase in volume through, i.e. the length of 

the light pathway. The larger the volume of water, the more the radiation is lost 

through scattering and reflection. Similar results were observed with the UV-B 

radiation levels. 
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experimental period. The shaking would have loosened any microbial cells 

shielded by the particles contributing towards the turbidity in the water, and 

exposed them to the DO and solar radiation penetrating through the water 

container walls. 

Even though the high turbidity in the experimental setup did not influence the 

effectiveness of the solar photo-oxidative disinfection process drastically, it is 

still advisable to remove any visible turbidity before subjecting the water to 

disinfection. This will not only serve to prevent any interferences with contact 

between the microbial cells and the DO molecules and UV radiation penetrating 

into the water, but also make the water more aesthetically acceptable for 

drinking purposes. 

5.4 VOLUME AND COLOUR OF THE PLASTIC CONTAINERS 

From the results of previous research, investigations and applications of solar 

disinfection methods, it was decided to use PET plastic containers in this laboratory 

evaluation of the solar photo-oxidative disinfection process. The maximum water 

volume which can be disinfected easily and efficiently with solar photo-oxidation were 

investigated. This issue was raised in preliminary studies by Reed (1997c) and also by 

some community members in the planning stages ofthis research. As results in the 

previous experimental designs of this project indicated that the solar photo-oxidative 

disinfection process worked much more effective than the other designs, it was applied 

on the various volumes of water. The results obtained are reported here. 

The UV-A and UV-B irradiances through the walls of various coloured plastic 

containers typically used by the rural communities for water transport and storage 

(blue, black, red, yellow, transparent and white) was compared with the UV-A and 

UV -B radiation directly from the SUll. The radiation levels in the various coloured 

containers were measured over the full experimental period (9-h) and the effects on 

solar photo-oxidative disinfection efficiency are reported in the discussion below. 
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types of plastic the various containers were made of Some types of plastic 

are more porous than others, and can therefore allow higher 

concentration to diffuse into and out ofthe water inside containers. 

Table Physical and chemical parameter value ranges over the 

experimental period (5 I coloured containers). 

DO (mg/1) TempeC) TDS (g/1) pH Turbidity 

(NTU) 

White 2,8 - 2, 1,5 - ;,5 1,45 7,98 l,25 

Transparent 2, - 2,0 24,1 38,95 1,39 7,85 1,3 

Black 1,95 - 1,9 1 39,21 1,43 7,86 1 

Red 2,' - 1 
' " - 36,9 1,34 7,99 1 

Blue 1,99  4,9 - 37,2 1 7,82 1,52 

Yellow 2,1 - 1 23,87 - 26,78 1,41 7,79 1,23 

The temperature ofthe water inside the black container had the highest 

temperature because ""riP""" 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. transparent container had the 

second highest temperature, followed by the blue, red, white and yellow 

containers. 

The other physical and chemical OaI'arneters TDS, pH and turbidity had values 

to those observed in the previous experiments. These parameters did not 

have any noticeable on the disinfection action or 

Transparent and white containers showed the highest penetration of radiation, 

followed by red, yellow, black and blue 18 and 19). is contrast 
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5.5 

described solar photo-oxidative disinfection laboratory experiments were 

perfonned 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 are and following section. 

5.5.1 Physical and chemical analyses 

DO concentration as illustrated Table 6, showed an effect 

temperature where the concentration obtained in the water was higher the 

colder months (March to August) and lower during the wanner months 

(September to February). is due to the fact that dissolved "''''''<'ron 

concentrations are higher at cold temperatures which will with an 

in the water temperature (Black, 1999). other factor which could 

explain this phenomenon, is at temperatures microorganisms are 

more metabolically active and will consume more 

rate of ofDOM the water. 

parameters, TDS, and stayed stable over 

month did not show positive or ",,,,,,,,,;,1',, influence on solar 

photo-oxidative disinfection process (Table 6). 

 
 
 



Table 6. Monthly average physical and chemical parameter values obtained 

over one year (May 1998 - April 1999). 

II DO (mg/l) Temperature eC) TDS (gil) Turbidity (NTU) pH 

May 2,9 26,3 1,4 1,36 7,65 

Jun 3,1 25,45 1,45 1,23 7,98 

Jul 3,0 24,8 1,43 1,29 7,34 

Aug 2,8 23,1 1,39 1,39 7,55 

Sep 2,5 24,95 1,41 1,21 7,98 

I Oct 

Nov 

2,6 26,87 1,38 1,09 7,61 

2,1 31,0 1,33 1,32 7,68 

Dec 2,0 34,61 1,43 1,36 7,56 

Jan 2,3 34,06 1,40 1,3 7,66 

Feb 2,4 29,43 1,39 1,26 7,80 

Mar 2,7 28,0 1,29 1,29 7,82 

Apr 2,75 26,99 1,4 1,24 7,83 

UV radiation measured in the water container over the experimental period, 

showed a drastic increase in radiation intensity for both UV -A and UV -B as 

from September 1998, peaking during December 1998 and steadily decreasing 

again from January 1999 (Figures 21 and 22). Thus as expected, the radiation 

levels were lower during the autumn and winter months (March to August) and 

higher during the spring and summer months (September to February). 

Radiation levels ofUV-A in the cooler months ofautumn and winter had an 

intensity range of between 33,3 and 41,2 W.h1m2, while in the warmer spring 

and summer months the range increased to between 54,5 and 67,2 W.h1m2
• The 

UV-B intensity levels in the autumn and winter months was between 2,78 and 

5,67 W.h1m2and between 6,3 and 8,23 W.h1m2in the spring and summer 

months. 
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5.6 	 SUMMARY 

The results presented and discussed above gave significant prove that the solar photo

oxidative disinfection process is indeed a viable option to be applied in a rural setting 

where water is ofpoor microbiological quality. It is however implicated that education 

and training will play an essential role in the applicability and acceptability of this 

disinfection process within the communities. Members ofcommunities are to be made 

aware that the water will have to be used as soon as possible after disinfection, as there 

is no residual disinfection power in the water which could prevent secondary 

contamination (i.e. secondary contamination due to dust, droppings, and faeces on 

hands and drinking and cooking utensils). 

From the results obtained during the laboratory-scale application of the solar photo

oxidative disinfection process and presented and discussed in this chapter, the main 

findings of the research are summarized as follows: 

• 	 Solar photo-oxidative disinfection efficiency for FC was higher than the 

disinfection efficiencies of solar radiation and oxygen as disinfectants on their 

own (section 5.1.2, Figure 6). 

• 	 No reactivation ofFC cells was observed after 24-h in the water containers 

which was exposed to both the solar photo-oxidation and solar radiation 

disinfection methods (section 5.1.2). 

• 	 The highest UV-A radiation was obtained between 9:00 am and 13:00 pm, 

while the highest UV-B radiation was between 10:00 am and 12:00 pm. It is 

therefore concluded that the solar photo-oxidative disinfection process should 

be applied as early in the morning as possible (section 5.1.2, Figures 7 and 8). 

• 	 The temperature, TDS, turbidity and pH of the hand drawn water did not 

influence the solar photo-oxidation process adversely (section 5.1.1). 
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• 	 Under dense and heavy cloudy conditions, significant reduction in the rate of 

FC destruction was observed, necessitating an increase in the exposure time 

needed for efficient disinfection (section 5.2.2, Figure 12). 

• 	 Under dense and cloudy conditions, reactivation ofFC cell growth was 

observed in all experimental designs after 24-h, but the concentration ofCFU 

was lower than the initial concentration in the hand drawn water (section 

5.2.2). 

• 	 Both the UV-A and UV-B radiation levels were reduced by the presence of 

heavy and dense cloud cover. The peak times of radiation were reduced by I-h 

(section 5.2.1, Figures 10 and 11). 

• 	 Visible turbidity did not influence the effectiveness of the solar photo-oxidative 

disinfection process drastically. The time for complete FC destruction was 

reduced by a mere I-h. However, solar radiation used as disinfectant on its 

own, showed an increase of 3-h in the disinfection time to achieve the same 

level ofFC destruction as in low turbidity waters (section 5.3.2, FigureI5). 

• 	 UV -A and UV -B penetration radiation was reduced by 6 and 5,5% respectively 

by visible turbidity in the water (section 5.3.1, Figures 12 and 13). 

• 	 Smaller volumes (21) of water could be exposed to solar photo-oxidation over 

a shorter period oftime (3-h) than larger volumes(5 and 251) ofwater (4-h) 

(section 5.4.2, Figure 17). 

• 	 Radiation penetration levels decreased with an increase ofwater volume 

(section 5.4.2, Figure 16). This decrease was more visible early in the morning 

and late afternoon. 
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.. 	 Transparent and 1-',....,'""', containers showed the ....M,uv,,. total 

destruction in the raw hand drawn drinking water, with no subsequent 

reactivation after a 24-h lag period. The and plastic 

containers were followed in efficiency by red, yellow, blue and black coloured 

plastic containers (section 5.4.2, 20). 

.. Transparent and white showed penetration 

and UV-B radiation, followed by red, yellow, black and blue (section 

5.4.2, Figure 19). 

.. In South "",c;'''VJlAUL variation UV radiation mH~nsJLt' levels did not 

a major impact on efficiency solar photo-oxidative QlSmr4~ctlon 

process (section 23 and 24). 

.. UV-A and UV-B radiation were autumn and winter 

months (March to August) and and summer months 

(September to February) (section Figures and 

.. 	 The DO concentration in the water showed an 'Tn,'PT"P effect with temperature, 

with concentration months and lower 

concentration UI"-"13U! in the warmer months .1). 
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CHAPTER 6 


CONCLUSIONS AND RECOMMENDATIONS 


6.1 INTRODUCTION 


The results presented and discussed in Chapter 5, illustrated an effective disinfection 

process, applicable to the rural scenario in South Africa. It is easy to apply, does not 

need any special equipment or expensive infrastructure and gives repeatable and 

reliable results. The disinfected water complies with the standards and guidelines for 

potable drinking water (SABS, 1984; DWAF, 1997). 

6.2 	 PROJECT CONCLUSIONS AND RECOMMENDATIONS 

The following major conclusions and recommendations can be drawn from the results 

described and discussed in the previous chapter: 

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

enough water for daily use on household level. 

• 	 The suitable colour and type of water container to use will be transparent or 

white and made from ofpolyethylene terephthalate (PET) plastic. This type of 

plastic will last longer and will be damaged slower by the radiation from the 

sun. 

• 	 The water containers should be filled as early in the morning as possible and 

exposed to sunlight from 8:00 toI5:00, when the radiation intensity is high. 

• 	 The water containers must be in direct sunlight at all times and kept out of the 

shadows from walls, trees, or other containers. 
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• Intermittent vigorous shaking is important to dissolve and saturate the oxygen 

from the atmosphere throughout the total volume of water in the 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 ofthree 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 ofWater Affairs and 

Forestry (DWAF) target water guidelines for faecal colifonn (FC) 

concentrations in drinking water. The length ofexposure time will depend on 

the initial concentration of FC present, the minimum DO concentration, the 

volume of water being disinfected, the colour ofwater containers used, and the 

turbidity of the water. It is however recommended that a full day's exposure 

will be more beneficial (i.e. maximise benefit of solar photo-oxidation and 

minimising the risk of failure) under field conditions. 

• 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. 

• In the experimental setup, the containers were left either open or closed with a 

cap. As the transmission or diffusion of dissolved oxygen (DO) did not occur at 

significant levels through the container mouth openings, it is recommended that 

the containers should be kept closed with a cap to prevent any contamination 

with dust, animal droppings and/or leaves. 

• Education ofend users will be essential for the successful of the solar photo

oxidative disinfection process. It is especially important to instill in users that 
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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. 

6.3 	 RESEARCH RECOMMENDATIONS 

The following recommendations are made for future research projects: 

• 	 Evaluate and/or develop the use ofalternative containers, i.e. plastic bags, 

which will reduce the path length for effective light transmission through the 

water, thereby ensuring more effective disinfection. 

• 	 Investigate the applicability of the solar photo-oxidative disinfection process to 

water heavily contaminated with other pathogens such as Vibrio cholerae, 

rotaviruses, Cryptosporidium spp., and Giardia lamblia. 

• 	 Perform field application in typical rural communities where water is still 

obtained from alternative sources such as wells, streams, rivers, and darns. This 

will include amongst others the evaluation of the community members' and 

individuals' perceptions and acceptance of the process. 

• 	 Investigate the possibility of full-scale application in low/intermittent flow 

water supply works. 
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'Abstract 

SOLAIR is:ill alternative disinfection method utilising nat",ral sunlight (specificallY UV -A and UV-B radiation) and oxygen (from 

. atmospheric air) todiiOlage,inpctivute andior ldll the colifonn bacteria found in contaminated water. It is a natural process (virtually , 

se,lf-purification) with no need to <lddany potentially ha2ardollS chemicals or to use sophis ticated and expensive equipment. . . 


The SOLAIR process was applied il) a typical South African scenario, i.e., a rural informal village where water for domestic 
use is drawn' from an unlined and heavily contaminated welL Results obtained showed significant reduction (99.99%) in both the 
faecal and total colif()ml counts·,vithin4to 6·h. with no subset]L!ent reactivation ofgrowth after 24h. The disinfected water cOlnplied 
.in terms ofhacteriologicalquality, with both the South African Bureau of Standards (SABS), drinking water sumdards and·ihe South . 
African Witter Quality Guidelines (SAWQG) for domestic IJse as prescribed by the Department of Water Affair-s and Forestry 

.(DWAF), The rate of bacterial [,eduction depended 011 various parameters including the rype ~nd colour of plastic containers used, 
the initial'.concentra,tioll of micro-organisms in the drawn water, the in:adiatiori levels of UV-A and UV-B rays, tbe oxygen .. 
concentration and distribuiion in the water containers, and: the presence of visible turbidity, ' 

In South Africa where more than 8 m. people· are still using water obtained directly from alternative sources such as ri vets, 
streams, boreholes, wells, commuiliry taps and dams. SOLAJR could prove to be an efficient and.an economicallyJc<lsible method 
to be used for disinfection of hand-draWn water 10 an ~cceptable potable standard . 

Introduction 

Disinfection of water is an essential unit process required to destroy 
pathogenic micro-organisms resulting in a potable water which is 
safe for human consumption. Disinfected potable water reduces the 
occurrence of water-borne diseases and the high incidence of 
mortality of infants and the elderly (Genthe and Du Preez, 1995; 
Genthe and Seager, 1996). 

However, disinfection in rural, poverty-stricken areas with no 
running water, remains a huge problem (Genthe and Seager, 1996). 
Various uncomplicated methods of disinfection have been in place 
for some time, but most of these methods require some form of 
infrasuucture, economic investment and educated or infonned use 
(Solsona, 1996). These methods include filtration, coagulation, 
chlorination, and oxidation. Boiling and aeration have also been 
used with limited application (small volumes) and with sometimes 
unreliable results (Solsona, 1996), 

Disinfection using solar radiation (sunlight), which rendered 
faecal bacteria inactive by thermal radiation in high turbidity 
waters, has been applied for centuries (Joyce et al" 1996), A water 
temperature of more than 55°C was needed to obtain good faecal 
bacterial cell inactivation . Wegelin et al. (1994), Wegelin and 
Sommer (1996) and Sommer et al. (1997) developed the SODIS 
(solar water disinfection) and SOPAS (solar pasteurisation) 
processes which rely on the synergistic effects of solar radiation 
and thermal water treatment. 

The advantages of using solar radiation are numerous and 
include: no dangerous, toxic, orhazardous by-products are produced; 
no smell and/or taste are imparted to the water; it is economical and 

• To whom all correspondence should be addressed. 
V (0 12) 799 9098; fax(012) 7999022; e-nlail: venney@mweb.co.za 

Received 7 July 2000; accepted in revised farm II August 2000. 

is easy and simple to apply. The ultraviolet (UV) component of 
sunlight is, however, filtered out by ozone for example, water 
droplets, and smoke, so that the UV light which actuall y reaches the 
earth's surface is restricted to a wavelength range of between 295 
and 400 nm. This limits the microbiocidal properties of solar 
radiation as a sole disinfectant. 

Reed (1996 and 1997a) investigated the role of fresh air 
(containing oxygen and other gases in variable concentrations) in 
the efficiency of solar disinfection processes. The toxicity of 
oxygen as a disinfectant is due to the superoxide and hydroxyl 
radicals formed during oxidation reactions. These radicals are very 
reactive but short-lived, limiting their disinfection efficiency. 
Results recorded indicated that some faecal bacterial species have 
a resistance to radiation inactivation in the absence of oxygen. The 
research led to the development of a process called solar photo
oxidative disinfection or SOLAIR. 

SOLAlR combines the use of solar (UV) radiation and oxygen 
from the natural environment in an alternative disinfection method 
with a higher microbiocidal efficiency than the two disinfectants 
separately (Reed, 1996 and 1997a,b,c) , This method is, in effect, a 
natural process (self-purification) without the addition of any 
potentially hazardous chemicals or a need for sophisticated and/or 
expensive equipment. 

The following represents results from a full-scale field 
application of the SOLAlR disinfection method on-hand-drawn 
drinking water in a typical rural and poverty-stricken scenario. 

Materials and methods 

Source of hand-drawn water 

Water was abstracted from an unprotected well in the Bridgeview 
Mandela Village near Hammanskraal, Pretoria. The water from the 
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well was hand-drawn using buckets and then 
transferred to the plastic water storage containers 
for general domestic use. As the well is not 
protected or properly lined, it is contaminated by 
animal, bird and human faeces, polluted soil, 
polluted groundwater and by the users abstracting 
water every day. 

Experimental set-up 

Water was collected from the well into 25 i 
white/opaque plastic containers which is 
representati ve of the containers used by the local 
community members. The plastic containers were 
filled with 20 i of the collected water, closed, 
shaken vigorously for 5 min, and placed in direct 
sunlight for the duration of the experiment. The 
containers were shaken every hour after sampling 

TABLE 1 

Average results of physical analyses of water samples 


(Experiment, Control A and Control B) 


DO (mg/l)Time pH Temperature TOS Turbidity 
(DC)(h) (gil) (NTU) 

Experiment Control A 
and Control B 

6.5 2.1 2.1 2.1 

1 

0 16 0 

2.36.65 16.8 0.1 2.3 2 
2 6.8 17.5 2.5 0.2 2.2 2.05 

3 
 18.2 2.1 - 0.1 6.6 2.3 2.11 
4 6.56 19 2 0.3 2.4 2.1 

5 
 2.2 

6 
6.8 19.1 1.9 0.1 2.3 

2.16.75 18.4 0.1 2.2 2.12 
7 26.7 18 2.3 20.1 

to ensure that the oxygen which diffuses through 
the plastic, is dispersed evenly throughout the water mass. 

Two controls were set up. Control A was deoxygenated by 
bubbling nitrogen through it and placed in direct sunlight. Control 
B was placed inside the house of one of the villagers, protecting it 
from direct solar radiation. Both controls were also shaken every 
hour directly after sampling the water for microbiological and 
physical analyses. 

PhYSical analyses 

The following physical analyses were performed hourly before 
shaking ofthe containers, using a calibrated Mettler Toledo portable 
meter (M90) with temperature compensation as a standard feature 
on all probes: 

temperature (- 0.5°C to 100cC, resolution O. PC) 

dissolved oxygen (DO) (1 to 10 mg/i, resolution 0.1 mgll) 

total dissolved solids (TDS) (l 000 to 10000 mg/i, resolution 

100 mg/l) 

pH (0 to 14 pH units, resolution om pH units) 


Turbidity was measured with a portable Lovibond (DRT 15CE) 
turbidity meter. It was standardised and calibrated with a 0.02 NTU 
reference solution and measured 0 to 1 000 NTU (+/- 4%). 

The UV-A and UV-B irradiances were measured with a Delta 
Ohm microprocessor controlled quantum photo/radiometer (HD 
9021). The UV-A probe measured from 10 nanowattlcm2 to 200 
mW/cm2 (±4%) in the spectral range 315 to 400 nm, peaking at 365 
nm. The UV-B probe measured from 10 nW/cm2 to 200 mW/cm2 

(±4%) in the spectral range of 280 to 315 nm, peaking at 312 nm. 

Microbiological analyses 

Total coliform (TC) and faecal coliform (FC) analyses were 
performed hourly during the experimental period and again 24 h 
after the last sample had been taken. The standard membrane filter 
(MF) technique was used. As suggested (SABS, 1984 and Millipore, 
1992),100 mi water sample volumes were filtered for both TC and 
FC analyses. 

The chosen sample volume was filtered through 47 mm 
membranes of0.45 f.U11 (HA-type, Millipore) and 0.7 J.lIIl (HC-type, 
Millipore) pore sizes, respectively. The HC-type 0.7 J.lIIl filter 
membrane was chosen, because this type of membrane allows for 
the recovery of stressed faecal coliforrns, giving a more reliable 

analytical result. 
The 0.45 flm pore membrane filters were transferred aseptically 

to 65 mm petri dishes containing M-Endo agar (Merck). The 
inverted petri dishes were incubated for 24 h at 35"C (±5°C). The 
0.7 f.U11 membrane filters were transferred to petri dishes containing 
M-FC agar (Merck) and incubated invertedly at44.5°C (±0.2°C) for 
24 h. 

Colonies with a gold metallic-green sheen on the M-Endo agar 
were considered to be positive for TC growth and, light- to dark
blue colonies on the M-FC agar as positive for FC growth. All 
results were reported as log CFU (coliform units)/100 m!. 

Results and discussion 

Physical analyses 

Table 1 summarises the results of the physical analyses performed 
on the water samples taken every hour from the experimental set
up. It indicates clearly that the SOLAIR process does not have any 
significant effect on the physical characteristics of the water, 
because all parameters remained nearly constant over the 
experimental period. From the data presented in Table 1, it can be 
seen that temperature does not playa role in the destruction of the 
TC and FC organisms in the contaminated water as it remains low 
at around 18°C, even with mid-day atmospheric temperatures in 
excess of 34°C. This indicates that the UV irradiance and the 
oxygen diffusing from the atmospheric air, are the only two factors 
that playa role in the destruction/inactivation of coliform bacteria 
in the SOLAIR disinfection method. 

The DO in the water container ranged between 1.9 and 2.5 
mg/i. Oxygen is usually used by bacterial cells for energy-yielding 
chemical reactions and not for bacterial growth. The toxicity to 
some species of bacteria (including members of the Entero
bacteriaceae) is due to superoxide radicals, hydroxyl radical and 
hydrogen peroxide which are produced during oxidation reactions . . 
All of these molecules can damage the DNA of the _bacterial cell. 
However, some bacteria have developed a protective mechanism in 
which the enzyme superoxide dismutase is produced. This enzyme 
converts the superoxide radicals rapidly to hydrogen peroxide, 
which in turn is dissipated by catalase and peroxidase to water and 
oxygen. The enzymes are produced through information from the 
DNA. Thus, if the DNA is damaged! inactivated by UV irradiation, 
for example, this protective mechanism will be inactivated (Pelczar 
et aI., 1993). 
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Figure 1 

UV-A and UV-8 irradiance levels over the experimental period 
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Figure 2 

Total coliform concentration over experimental period 
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Figure 3 

Faecal coliform concentrations over the experimental period 
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The measured UV irradiance levels are illustrated in Fig 1. As 
expected, the UV-A irradiance is much higher than the UV-B 
irradiance, because most of the lower wavelength UV components 
from the sunlight are filtered by ozone, water droplets, and smoke. 
The UV light which actually reaches theeartb's surface is restricted 
to a wavelength range of 295 to 400 nm, This, in effect, limits the 
microbiocidal properties of solar UV light as a disinfectant, as the 
highest bactericidal action will occur at 260 nm, i.e. the wavelength 
at which the DNA of a bacterial cell absorbs the most UV light. 

SOLAIR disinfection overcame both these limitations by 
applying solar radiation in the presence ofoxygen in concentrations 
of more than 2 mg/f. This combined effect on bacterial cells can be 
seen in the results of the microbiological analyses as illustrated in 
Figs. 2 and 3, 

Microbiological analyses 

Figure 2 shows that 100% inactivation/destruction of total coliforms 
(TC) was obtained within a period of 6 h during the application of 
SOLAIR disinfection to the hand-drawn water. Control A showed 
a 40% reduction over the same period and only a 43% reduction in 
cell concentration over the total experimental period of7 h, Control 
B had a 17% reduction after 6 h and 31 % after completion of the 
experiment. 

Figure 3 illustrates the faecal coliform (FC) inactivation! 
destruction. Within a period of 4 h destruction of FC was 100% 
effective, while Control A showed a 14% reduction and Control B 
a 10% reduction in FC concentration after the same period. Controls 
A and B had final reductions in cell concentrations of 30% and 32% 
respectively after completion of the experimental period. 

After a 24 h lag period, the SOLAIR disinfected water showed 
no growth on the respective inoculated agar plates. This indicates 
that the bacterial cells were irreversibly damaged or killed by the 
said disinfection process , However. increased concentrations of 
both TC and FC were observed in both controls after the 24 h lag 
period. 

From the data presented above, itcan be seen that the disinfection 
efficiency of the SOLAIR process is higher than the process of 
using solar UV radiation (Control A) or oxygen (Control B) 
separately. The disinfected water complied with the potable drinking 
water standards and guidelines in terms of bacteriological quality 
as laid down by the SABS (1984) and DWAF (1996a & b), 
respectively. This will have a major impact on the reduction of 
incidences ofdiseases related to poormicrobiological water quality . 

A major disadvantage of the suggested method, is that no 
residual disinfection power will be found in the water after treatment 
with SOLAIR. This makes it very difficult to guarantee that the 
water is safe from any secondary contamination. Secondary 
contamination can, however, be limited or prevented, by practising 
good hygiene in the respective households, 

Conclusions 

Based on the results of all the field trials, the following conclusions 
can be drawn: 

SOLAIR is applicable and effective in small volumes of hand
drawn water (2 to 25 f), 

Intermittent vigorous shaking is important during the 
disinfection period, in order to dissolve and disperse the 
diffused and DO throughout the volume of water and to ensure 
contact of all organisms in the water with the absorbed UV 
light. 
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Visible turbidity should be removed before the SOLAIR 
disinfection process can be applied, because turbi<:lity will 
intertere with the disinfection efficiency. 
The containers must be kept closed with a lid and must be 
exposed to fuJlJdirect sunlight at all times. 
A minimum of4 h is required for effective coliform disinfection, 
i.e., compliance with the SABS (1984) drinking water standards 
and the DWAF Water Quality Guidelines (1 996a & b) for TC 
and/or Fe. This will depend on the initial concentration of 
micro-organisms, the DO concentration , the UV concentration 
and the type and colour of plastic container that is used. It was 
found with further studies that cloud cover did not limit the UV 
radiation significantly. 
It is emphasised that no residual disinfection power is available 
after SOLAIR disinfection of the hand-drawn water. Education 
of the end users is thus imperative for the successful application 
of the SOLAIR disinfection process, as good hygienic practices 
will prevent or minimise secondary contamination of the 
SOLAIR disinfected water. 
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R. H. R E ED , S. K. MAN I AND V. ME Y E R. 2000. The feasibility of using solar photo-oxidation to 

inactivate faecal bacterial contaminants in drinking water has been evaluated under field 
conditions in India and South Africa. Freshly drawn samples from all six test water sources 

were low in dissolved oxygen, at 13-40% of the air saturation value. However, vigorous 

mixing followed by exposure to full-strength sunlight in transparent plastic containers (1
251 capacity) caused a rapid decrease in the counts of faecal indicator bacteria, giving 

complete inactivation within 3-6 h, with no evidence of reactivation. These results 

demonstrate that solar photo-oxidation may provide a practical, low-cost approach to the 

improvement of drinking water quality in developing countries with consistently sunny 

climates. 

INTRODUCTION 

Water-borne disease is a significant global issue, with 
approximately one billion people lacking access to a reliable 
supply of clean drinking water (Black 1999). The consump
tion of drinking water contaminated with pathogenic 
microbes of faecal origin is a significant risk to human 
health in the developing world, especially in remote rural 
areas .. and peri-urban 'shanty' communities, with over 3 
million deaths per year attributed to water-borne diarrhoeal 
diseases, especially among infants and young children in 
poor communities in Africa, Asia and South America 
(Anon. 1997a). As a result, there is an unmet need for 
practical systems capable of treating contaminated drinking 
water in developing countries, thereby reducing the impact 
of water-borne disease. 

In communities with no satisfactory safe drinking water 
supply, small-scale self-help measures can be used at the 
household level; these include boiling, filtration and!or 
chemical treatment (Heber 1985; Anon. 1997b). One small
scale approach that has gained support in recent years 
makes use of the disinfectant properties of sunlight to treat 
contaminated water in transparent plastic bottles or plastic 
bags, in a process termed solar disinfection (Acra et al. 
1990). Experimental studies have demonstrated that this 

Cltrrespondroce to: R.B. Reed, Division ojBiological and Food Sciences, 

School oJApplied and Molecular Sciences, University ojNorthumbria·at 
Newcastle, Newcastle upon Tyne, UK. 

approach is effective under conditions where (i) the drink
ing water is subject to contamination with faecal bacteria 
and (ii) the climate is favourable enough to provide suffi
cient sunlight (Wegelin and Sommer 1997). 

Most of the research into the effectiveness of solar disin
fection has focused either on the pasteurizing effects of 
solar radiation at temperatures above 45- 50°C, in a process 
termed solar pasteurization (e.g. Ciochetti and Metcalf 
1984; ]0rgensen et al. 1998), or on the synergistic interac
tion between temperature and solar radiation (e.g. Wegelin 
et al. 1994; McGuigan et al. 1998). However, recent labora
tory studies have demonstrated that the inactivation of fae
cal bacteria in sunlight is also strongly dependent upon the 
oxygen status of the water, due to the formation of free 
radicals derived from dissolved oxygen via solar photo-oxi
dation (Reed 1997a). Such observations indicate that solar 
photo-oxidative disinfection may be a useful approach to 
water treatment, even in the absence of any thermal effects 
(Reed 1997b). 

The present study was carried out to asst;,ss the effective
ness of solar photo-oxidative disinfection under field condi
tions in India and South Africa, using hand-drawn sources 
of drinking water. The results show that the contaminant 
faecal coliform bacteria naturally present in these drinking 
water sources were inactivated by oxygenation, achieved by 
vigorous mixing of the water in transparent plastic contain
ers, followed by exposure to full-strength sunlight for up 
to 6h. 
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MATERIALS AND METHODS 

Water sources 

All of the water sources tested in the present study were in 
use by the local communities for drinking and general 
household purposes. In the Indian field trials (May-June 
1997), contaminated water samples were obtained from 
unprotected dug wells in Jaipur District: sources INI and 
IN2 were wells in the village of Udaipur Gilaria, 10 k.m 
north-east of Jaipur, representing heavy contamination and 
moderate faecal contamination (Feacham 1977), respec
tively; source IN3 was a moderately contaminated well in 
Ursewa village, 70 km south-west of Jaipur. The South 
African field trials (August- October 1998) used sources 
from Gameng district: source SAl w:;r.s :;r. sh:;r.llow, unpro
tected dug well at Mandela village (rural squatter camp), 
near Mabopane, 38 km north-east of Pretoria; source SA2 
was from a site on the Apies river near Hammanskraal, 45 
km north of Pretoria; source SA3 was a stream, Soutpan 
Spruit, Soshanguve, 32 k.m north-east of Pretoria. All three 
South African sources were heavily contaminated with fae
cal bacteria, with over 1000 faecal coliforms per 100 ml (see 
Table 1). 

In all instances, water samples were taken using sterile 
containers and either tested immediately for physicochem
ical characteristics (turbidity, temperature and dissolved 
oxygen) or transported in darkness, within 1 h of sampling, 
to the Birla Institute of Scientific Research , Jaipur (India) 
or Technikon Northern Gauteng (South Africa) for analy
sis of faecal coliforms and solar experimentation. 

Physicochemical measurements 

Sample turbidity was assayed using either a spectrophot
ometer (CElOlO; Cecil, Cambridge, UK), calibrated in 
notional turbidity units (NTU) against a formazan standard 
(sources INI-IN3), or a turbidity meter (DRT 15CE; 

Lovibond, Salisbury, UK) (sources SAl-SA3). Dissolved 
oxygen (mg C l ) and temperature CC) were measured 
using either (i) a probe (9010; Jenway, Dunmow, UK) 
(sources INl-IN3) or (ii) an M90 system (Mettler Toledo, 
High Wycombe, UK) (sources SAI-SA3) while solar irra
diance was determined using either (i) a pyranometer 
(SPllOO; Syke, Llandrindod Wells, UK) or (ii) a quantum 
photo/radiometer (Delta Ohm, Hunger, Germany) . 

Illumination in sunlight 

Water samples were incubated In locally obtained, clear 
plastic containers of either 1- or 22-1 capacity (INI-IN3) " 
or 2- or 25-1 capacity (SAl-'-SA3). Containers were first 
aerated by vigorous mixing for :;r.t le:;r.st 2 min, to ensure 
oxygen saturation (Reed 1997b) and then exposed to fuJ]
strength sunlight, measured at > 500 W m -2 for the dura
tion of the experiment, as required for effective solar inac
tivation (Acra et at. 1990; Wegelin 1999). All containers 
were shaken (mixed) at hourly intervals, to maintain oxy
gen equilibration between the water samples and the atmo
sphere, with sampling every hour from 10 a.m. until 4 p.m. 
Control samples for all water sources were incubated 
indoors in darkness. 

Enumeration of faecal bacteria 

Aliquots of water were processed by standard bacteriologi
cal membrane filtration (MF) procedures, using 1·0-100·0 
ml water filtered through either GN-6 (Gelman; Michigan, 
USA) or HC membranes (Millipore, Bedford, MA, USA) 
and enumerated either on Membrane Lauryl Sulphate 
medium (Merck, Poole, UK) (Anon. 1994; sources INI
IN3) or on M-FC agar (Merck) (Anon 1992; sources SAl
SA3). Media were incubated at 44·5 ± 0·5 °C for 24 h prior 
to counting. The number of presumptive faecal (thermoto
lerant) coliforms (FC) in each sample is expressed per 100 

Table 1 Representative physicochemical and microbiological data for water sources used in field trials of solar photo-oxidation (India and 
South Africa) 

Turbidity Temperature O2 O2 sacuration Initial Fe Fe T99.9 

Source (NTU) (0C) (mgl- I ) (%) (cfu 100 ml-I 
) (min) 

INI 2·4 27·5 3·1 39 5500 125 
IN2 4·0 28 ·0 2·7 35 900 ISO 
IN3 7·9 23·3 1·1 13 660 220 
SAl 2·1 18·8 3·7 40 1450 245 
SA2 3·7 19·0 3·2 34 2900 255 
SA3 1·5 15·0 4·0 39 6750 280 

Fe, Faecal (thermotolerant) coliforms; cfu, colony-forming units; Fe T99.9, 99·9% inactivation time for Fe (oxygenated, full sunlight) in 
plastic bottles of either II (INI-IN3) or 21 (SAI-SA3) capacity; NTU, notional turbidity units. 
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ml, based on the formula: FC per 100 ml = (MF colony 
count x 100) / (sample volume in ml). For counts of pre
sumptive faecal streptococci (FS), MF samples were enum
erated using Sianetz and Bartley medium (Merck) (Anon. 
1994) incubated at 44·5 ±0·5 °C for 48 h prior to counting. 
All counts were performed in duplicate. Samples were 
always shielded from direct sunlight during transport to 
the laboratory and thr~ughout processing to avoid photoi- . 
nactivation. 

RESULTS AND DISCUSSION 

Table 1 shows typical data for the physicochemical charac
teristics of water samples from each source. All were of low 
turbidity, at under 10 NTU, ensuring the effective pene
tration of sunlight during solar photo-oxidation experi
ments, in contrast to other field studies which have 
investigated the effects of solar treatment on highly turbid 
water sources where optical inactivation is minimal and 
thermal inactivation enhanced Goyce et al. 1996; 
McGuigan et al. 1999). The level of dissolved oxygen in 
freshly drawn water samples was low, at 1·1-4·0mg 1-1 0 2) 

representing l3-40% of the oxygen saturation value at the 
corresponding water temperature (Green and Carritt 1967). 
A low dissolved oxygen status is a common feature of 
many surface and ground waters, due to the limited solubi
lity and low diffusion coefficient of oxygen in water, the 
consumption of oxygen in redox reactions with inorganic 
compounds and the respiratory activity of aquatic micro
organisms (Malard and Hervant 1999). Previous experi
ments have shown that failure to increase the oxygen con
tent of water to its air-equilibrated value can substantially 
reduc.e the rate of solar inactivation of faecal bacteria (Reed 
1997a; Meyer 1999). 

Table 1 also shows that all sources were contaminated 
with FC, ranging from 660 FC 100 ml- I (IN3) to 6750 FC 
100 ml- I (SAJ). At such levels, the untreated water sources 
can be regarded as unsatisfactory for human consumption, 
representing a high risk of transmission of water-borne dis
ease, since they all indicate substantial faecal contamina
tion, of either human or animal origin, failing to meet 
international guidelines for drinking water quality (e.g. 
Lewis 1991; Anon. 1997b). 

Table I also shows the results of preliminary experi
ments where fully mixed (air-equilibrated) water samples 
in transparent plastic drinks bottles of either I I (INI-IN3) 
or 2 I (SAI-SAJ) capacity were then exposed to sunlight. 
The effect of this treatment on the contaminant FC is 
expressed in terms of the time required to reduce the FC 
count by 99·9% (T99 .9, based on a plot of log FC 100 ml- I 

against time and determined as the time required to give a 
3-log reduction in FC 100 ml- I 

; Reed 1996). All six water 
samples showed a rapid inactivation of FC on exposure to 

sunlight under oxygen-equilibrated conditions, ' while no 
significant change in FC counts was observed for control 
samples kept in darkness (data not shown). The T99.9 

values given in Table I are sufficient to give a zero count 
for FC 100 ml- I within approximately 3-6 h, depending 
upon the intial FC count, and arc comparable to those of 
earlier experimental studies using water deliberately con
taminated either with pure cultures of coliform bacteria or 
with sewage (e.g. Gameson and Saxon 1967; Evison 1988). 
To test for the reactivation of sublethally injured bacteria 
following illumination (Fujioka and Narikawa 1982), sam
ples were kept in darkness for a further 24 h and then 
tested for FC; there were no detectable counts, confirming 
that the inactivation was irreversible. 

Figures 1 and 2 show time course data for the solar inac
tivation of faecal indicator bacteria in larger plastic contain
ers holding either 221 (IN 1) or 25 I (SA I) of fully-mixed 
(oxygen-equilibrated) water from a single representative 
source from each country. Both sources showed rapid inac
tivation of FC on exposure to full-strength sunlight, with 
FC T99.9 values only slightly higher than those obtained for 
the smaller volumes (cf. Table I), at ISOmin for INI (Fig. 
I) and 290 min for SAl (Fig. 2), while control samples 
maintained in darkness showed no measurable change in 
FCcount. Sample INI was also assessed for FS, giving a 
lower initial FS plate count but a similar rate of inactiva
tion compared with FC (Fig. I). A sample of SAl made 
anaerobic by bubbling with nitrogen prior to exposrne to 
sunlight gave a far slower rate of FC inactivation than 
under air-equilibrated conditions (Fig. 2), confirming an 
oxygen requirement for the rapid solar inactivation of FC 
(Reed 1996). 
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Fig. 1 Inactivation of faecal coliforms (0) and faecal streptococci 
(D), expressed as colony-forming units (cfu) lOOml- 1

, in water 
samples from source IN! (22-1 plastic container). No counts were 
detected for either faecal coliforms or faecal streptococci at 3 h 
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Fig.2 Inactivation of faecal coliforms (expressed as coiony

forming units (cfu) 100 ml- 1

) in oxygenated (0) and 

deoxygenated (.) samples from water source SAl (25-1 plastic 

container). No counts were detected in the oxygenated sample 

after 3 h 


Throughout exposure to sunlight, the temperature of the 
water samples reached a maximum of 30°C (SAI-3) and 
38°C (INI-3). These values are below the lethal tempera

. tures of faecal bacteria (Anon. 1994) and lower than the 
level required for optimal synergy between optical and 
thermal inactivation (McGuigan et al. 1998; Wegelin et al. 
1994; Lawand et al. 1997). These results clearly demon
strate that solar photo-oxidation is sufficient to inactivate 
FC bacteria in heavily contaminated water sources under 
field conditions, supporting the findings of earlier, labora
tory-based studies (Reed 1997a). The data obtained using 
containers of 22 and 25 I capacity are especially promising, 
since they demonstrate that a volume of water appropriate 
for the daily drinking requirements of an individual family 
could be treated using solar photo-oxidation. It is note
worthy that solar photo-oxidation may be particularly rele
vant in rural India where there are significant problems 
related to the spread of water-borne disease (e.g. Nigam et 
al. 1997) and where there are records of solar water treat
ment dating back over 2000 years. As one of the traditional 
approaches to the. provision of 'safe' water in India 
(Patwardhan 1990) this may assist its implementation, 
which is influenced strongly by the socio-cultural back
ground of end-users (Wegelin 1999). 
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Abstract 

SOLAIR is an alternative and economical disinfection method utilizing natural sunlight (tN-A and UV-B 
rays) and oxygen (from atmospheric air) to damage, inactivate and/or kill the.faecal bacteria found in 
contaminated water. It is a natural process (virtually selfpurification) without addition of any potentially 
hazardous chemicals or need for sophisticated and expensive equipment. 

The SOLAIR process was applied in a typical South African scenario, i.e. a rural informal village where 
water for domestic use is drawn from an unlined and heavily contaminated well. Results obtained showed 
significant reduction (99.99%) in both the total and faecal coliform counts within 4 to 6 hours, with no 
subsequent reactivation ofgrowth after 24 hours. The disinfected water complied with both the South 
African Bureau of Standards (SABS) drinking water standards and the South African Water Quality 
Guidelines (SAWQG) for domestic use as prescribed by the Department ofWater Affairs and Forestry 
(DW AF). The bacterial reduction depended on various parameters including the type and colour of 
containers used, the initial concentration ofmicroorganisms in the drawn water, irradiation levels ofUV-A 
and UV-B light, the oxygen concentration and distribution within the containers, and presence of visible 
turbidity. 

In South Africa where more than 12 million of its people are still using water obtained directly from 
alternative sources such as rivers, streams, boreholes, wells, community taps and dams, SOLAIR could 
prove to be an efficient and economically feasible method to be used for disinfection of hand drawn water 
to an acceptable potable standard. 

Introduction 

Disinfection of water is an essential unit process needed to destroy pathogenic microorganisms reSUlting in 
a potable water which is safe for human consumption. Disinfected potable water reduces the occurrence of 
water-borne diseases and the high incidence ofmortality of infants and the elderly (Genthe et al. 1994, 
Genthe and Du Preez, 1995, Genthe and Seager, 1996). 

However, disinfection in rural, poverty-stricken areas with no running water, remains a huge problem 
(Genthe and Seager, 1996). Various cheap and less sophisticated methods have been in place for some 
time, but most of these methods require some form of infrastructure and economical investment and 
educated or informed use (Solsona, 1996). These methods include amongst others filtration, coagulation, 
chlorination, and oxidation. Boiling and aeration has also been used with limiting application (small 
volumes) and with sometimes unreliable results (Solsona, 1996). 
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Disinfection with solar radiation (sunlight) is a method which has been used for centuries (Joyce et al., 
1996). The advantages of using solar radiation are numerous and include: no production of dangerous, 
toxic, or hazardous by-products; no smell and/or taste are imparted to the water; it is a natural process with 
low economical demand and it is easy and simple to employ. The disadvantage is that there is no residual 
disinfection power to prevent and control secondary microbiological contamination. 

SOLAIR..is an improved disinfection method which makes use of both the ultra violet (UV) radiation from 
the sun and oxygen from the natural environment (Reed, 1996 and 1997). The process is a natural process 
(selfpurification) without the addition of any potentially hazardous chemicals or need for any sophisticated 
and expensive equipment. The method can be easily applied, with very little supervision and economical 
investment. 

The following represents results from a full-scale field application ofthe proposed SOLAIR disinfection 
method in a typical rural and poverty-stricken setting. 

Materials and methods 

Source of hand drawn water 

Water was abstracted from an unprotected well in the Bridgeview Mandela Village near Hammanskraal. 
The water is being hand drawn with buckets and then transferred to the plastic water containers for 
drinking purposes and general household use. As the well is not protected, it is contaminated by animal, 
bird and human faeces, polluted soil, and by the users abstracting water every day. The well is also 
contaminated by oil and petrochemical products through contaminated groundwater. 

Experimental setup 

Water was collected from the well in 25 liter clear white or opaque plastic containers representative of the 
containers used by the local community. The water containers were shaken vigorously for 5 minutes, closed 
and placed in direct sunlight for the duration ofthe experiment. The containers were shaken every hour 
after sampling to distribute the available oxygen throughout the water mass. 

Two controls were setup. Control A was deoxygenated by bubbling nitrogen through it and placing it in 
direct sunlight. Control B was placed inside the house of one of the villagers, protecting it from direct solar 
radiation. Both controls were also shaken every hour, directly after sampling the water for microbiological 
and physical analyses. 

Physical analyses 

The following physical analyses were performed hourly during the field trials using a calibrated Mettler 
Toledo portable meter (M90): 

• temperature (- 0,5°C to lOO°C, resolution 0,1°C) 
• dissolved oxygen (DO) (l to 10 mgll, resolution 0,1 mg/l) 
• total dissolved solids (IDS) (1 to 10 gil, resolution 0,01 gil) 
• pH (0 to 14 pH units, resolution 0,01 pH units) 
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All probes used had temperature compensation as a standard feature. 

Turbidity was measured with a portable Lovibond (DRT 15CE) turbidity meter. It was standardized and 
calibrated with a 0,02 NTU reference solution and measured 0 to 1000 NTU (+/- 4%). 

The UV-A and UV-B irradiance were measured with a Delta Ohm Microprocessor controlled Quantum 
Photo/Radiometer (HD 9021). The UV-A probe measured from 10 nanowattlcm2 to 200 mW/cm2 (+/- 4%) 
in the spectral range 315 to 400 nm, peaking at 365 nm. The UV-B probe measured from 10 nW/cm2 to 
200 mW/cm2 (+/- 4%) in the spectral range 280 to 315 nm, peaking at 312 nm. 

Microbiological analyses 

Total coliform (TC) and faecal coliform (FC) analyses were performed hourly during the experimental 
I .period and again 24 hours after the last sampling period. This was essential to monitor for any reactivation 

of microbial growth. The standard membrane filter (MF) technique was used. As suggested in Standard 
Methods (Millipore, 1992), 100 ml water sample volumes were filtered for both TC and FC analyses. 

The chosen sample volume was filtered through 47 rom membranes of 0.45 {[m (HA-type, Millipore) and 
0.7 {[m (HC-type, Millipore) pore sizes, respectively. The HC-type 0.7 {[m filter membranes were chosen, 
as it allows the recovery of stressed faecal coli forms, giving a more reliable analytical result. 

The 0.45 {[m pore membrane filters were transferred aseptically to 65 rom petri dishes containing M-Endo 
agar (Merck) . The inverted petri dishes were incubated for 24 h at 35°C (+/- 5°C). The 0.7 {[m membrane 
filters were transferred to petri dishes containing M-FC agar (Merck) and incubated invertedly at 44.5°C 
(+/- 0.2°C) for 24 h. 

Colonies with a gold metallic green sheen on the M-Endo agar were taken as positive for TC growth and 
light to dark blue colonies on the M-FC agar as positive for FC growth. All results were reported as log 
CFU (coliform units)1l00 ml. 

Results and discussion 

Physical analyses 

Table 1 summarizes the results of the physical analyses performed on the water samples taken every hour 
from the experimental set up. It is clear that the SOLAlR process does not affect the physical 
characteristics of the water, as all parameters stayed nearly constant over the experimental period. From 
the data in table 1, it can be seen that temperature does not playa role in the destruction of the TC and FC 
organisms in the contaminated water as it stays low at around 18°C even with midday atmospheric 
temperatures in excess of 34°C. This indicates that the UV irradiance and the supplied oxygen from the 
atmospheric air, are the two major factors playing a role in the destruction/inactivation of bacteria in the 
SOLAlR disinfection method. 
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Table 1. 	 Results of physical analyses of water samples during field trials (experiment 
and controls) 

Time (h) pH Temperature eC) DO (mgll) TDS (gil) Turbidity (NTU) 

0 -
1 
2 
3 
4 
5 
6 
7 

6.5 
6.65 
6.8 
6.6 
6.56 
6.8 
6.75 
6.7 

16 
16.8 
17.5 
18.2 
19 
19.1 
18.4 
18 

2.1 
2.3 
2.5 
2.1 
2 
1.9 
2.1 
2 

2.1 
2.3 
2.2 
2.3 
2.4 
2.3 
2.2 
2.3 

2.1 
2 
2.05 
2.11 
2.1 
2.2 
2.12 
2 

Oxygen is usually used by bacterial cells for energy yielding chemical reactions and not for bacterial 
growth. The toxicity to some species of bacteria (including members ofthe Enterobacteriaceae) is due to 
superoxide radicals, hydroxyl radical and hydrogen peroxide produced during oxidation reactions . All of 
these molecules can damage the DNA ofthe bacterial cell. However, some bacteria has developed a 
protective mechanism in which the enzyme superoxide dismutase is produced. This enzyme convert the 
superoxide radicals rapidly to hydrogen peroxide, which in return is dissipated by catalase and peroxidase 
to water and oxygen. The enzymes are produced through information obtained from the DNA. Thus if the 
DNA is damaged! inactivated by UV irradiation for example, this protective mechanism will be inactivated. 

The measured UV irradiance levels are illustrated in Figure 1. As expected the UV -A irradiance is much 
higher than UV -B irradiance, as most ofthe lower wavelength UV components from the sunlight are 
filtered out by ozone, water droplets, and smoke. The UV light which actually reaches the earth's surface is 
restricted to a wavelength range of 295 to 400 nm. This in effect limits the microbicidal properties of solar 
UV light as a sole disinfectant, as highest bactericidal action will occur at 260 nm, i.e. the wavelength at 
which the DNA of a bacterial cell absorbs the most UV light. 

SOLAIR disinfection overcomes both these limitations by applying solar radiation in the presence of 
oxygen in concentrations of more than 1 mg/l. This combined effect on bacterial cells can be seen in the 
results of the microbiological analyses as illustrated in Figures 2 and 3. 
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Figure 1. UV-A and UV-B irradiance 

Microbiological analyses 

Figure 2 shows that 100% inactivation/destruction of total coliforms (TC) was obtained within a period of 
6 hours after application ofthe SOLAIR disinfection process to the hand drawn water. Control A showed a 
40% reduction over the same period and a 43% reduction in cell concentration over the total experimental 
period. Control B had a 17% reduction after 6 hours and 31 % after completion of the experimental period. 

Figure 3 illustrates the faecal coliform (FC) inactivation/destruction. Within a period of 4 hours, there was 
an effective 100% destruction of FC, while control A showed a 14% and control B a 10% reduction in FC 
concentration after the same time. Controls A and B had final reductions in cell concentrations of 30% and 
32% after completion ofthe experimental period. 

! .:. 

After a 24-hour lag period, the SOLAIR disinfected water showed no growth on the respective agar plates. 
This indicates that the bacterial cells were irreversibly damaged or killed by the said disinfection process. 
However, increased concentrations of cells were observed in both controls after the same period oftime. 

From the data presented above, it can be seen that the disinfection efficiency by using the SOLAIR process 
is indeed higher than using solar UV radiation or oxygen separately. The disinfected water complied with 
the potable drinking water standards and guidelines as laid down by the SABS and DWAF respectively. 
This in itself will have a major impact on the reduction of incidences of diseases related to water in a poor 
microbiological condition. 
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Figure 2. Total coliform (TG analyses results. 

A major disadvantage observed lies in the fact that no residual ctisinfection power can be found in the water 
after treatment with SOLAIR. This makes it very ctifficult to guarantee that the water is safe from any 
secondary contamination. Secondary contamination can however be overcome or limited, by application of 
good hygienic practices in the respective households . 

When srnnrnarizing the results of the field trials, the following recommendations were made: 

• 	 SOLAIR is applicable and effective in small volumes of hand drawn water (2 to 251) 

• 	 Intermittent vigorous shaking is important during the disinfection period, to ctissolve and ctistribute 
the oxygen throughout the whole volume ofwater and to ensure contact of all organisms in the 
water with the absorbed ultra violet light I " 

• 	 Visible turbictity should be removed before ctisinfection process is applied 

• 	 The containers must be kept closed with a lid and exposed to full/ctirect sunlight at all times 

• 	 A minimum of 4 hours is required for effective ctisinfection, i.e. compliance with the SABS 
drinking water standards and the DWAF water quality guidelines for TC and/or FC This will 
depend on the concentration of microorganisms, the DO concentration, the UV concentration and 
the type of container used. 
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Figure 3. Faecal coliform (FC) analyses. 

• 	 Education ofthe end users is essential for success ofthe SOLAIR disinfection process. It is 
especially important to indicate to users of the process, that no residual disinfection power is 
available and that good hygienic practices will be essential in prevention or minimization of 
secondary pollution or contamination ofthe already disinfected water. 
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SOLAIR DISINFECTION: A SOUTH AFRICAN PERSPECTIVE. 

SOLAIR is an alternative and economical disinfection method utilizing natural sunlight (UV-A 
and UV-B rays) and oxygen (from atmospheric air) to damage, inactivate, and/or kill the faecal 
bacteria found in contaminated water. It is a natural process (virtually selfjmrification) without 
the addition of any potentially hazardous chemicals or need for sophisticated and expensive 
equipment. 

In South Africa where more than 12 million of its people are still using water obtained directly 
from alternative sources such as rivers, streams, boreholes, community taps, and dams, this 
method could prove to be an efficient, and economically feasible method to be used for 
disinfection of han drawn drinking water to an acceptable potable standard. 


With this in mind, the process was applied in the typical South African scenario. Results obtained 


::.: 

showed a significant reduction in both the total and faecal coliform counts within 3 to 4,5 hours, 
with no subsequent re-activation of growth after 24 hours. The reduction depended on various 
parameters including the type of containers, the concentration ofmicroorganisms, presence of 
cloud cover, oxygen concentration and turbidity. The treated water complied in most cases to 
both the SABS standards and the South African Water Quality Guidelines for domestic use. 
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