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Abstract

In many developing countries no infrastructure for providing people with microbiological safe drinking water exists. This demands for
decentralized water disinfection that is inexpensive and requires no consumables. The casualties are often recommended the application of
SODIS for drinking water treatment. There are numerous scientific studies on this disinfection method, which however are still leaving
questions on the mode of functioning which is often reduced to the effect caused by the UV part of the solar radiation and there is almost no
discussion in the literature what happens to the disinfected water after the SODIS treatment.

In this paper disinfection experiments with Escherichia coli in isotonic saline solutions and real surface water are performed for a set of realistic
conditions for UVA irradiation and for heating but separated from each other. The results confirm that SODIS is based on the combined effect
of UVA radiation and increased temperature. Further experiments lead to the recommendation that once disinfected water should be consumed
without a large delay, otherwise the germ concentration rises again.
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Introduction

Clean, germ-free water is taken for granted in industrialized
countries. This is mainly achieved by a highly developed
water treatment and close supervision. The infrastructures
have been built up over decades but they are costly to
maintain and require skilled professionals for the technical
development and maintenance.

Many developing and emerging countries have no or only
regional infrastructures for water treatment and distribution.
In 2011 the worldwide number of people without access to
clean drinking water was about 768 million
(WHOJ/UNICEF, 2012). The existing infrastructure for
water treatment and distribution is usually only found in
urban areas but the population in rural areas is not connected
to any public water supply system because of the costs of its
construction and maintenance.

The results of a lack of microbial safe drinking water can be
fatal, especially for children and people with weakened
immune system. According to estimates by UNICEF 3 000
children die every day from the consequences of
preventable diarrheal diseases because they have no access
to disinfected drinking water. This causes more victims than

AIDS, tuberculosis and malaria together (WHO/UNICEF,
2012).

The need to give all people access to microbiological clean
drinking water, calls for a low cost decentralized water
disinfection. The use of filters or chemical disinfectants like
Chlorine would be well-known disinfection techniques
(Tayeh et al., 1996) but both approaches require
consumable that are expensive and not always available.

SODIS - Facts

The so far only water disinfection method that is available
everywhere and requires no consumables is the SODIS
(Solar Water Disinfection) method proposed in 1980 (Acra
et al., 1980), even though according to Baker similar
techniques have already even been performed in India 2 000
years ago (Baker, 1948).

For performing the SODIS procedure and inactivating
microorganisms germ-infested water is filled in a PET
bottle and exposed to solar radiation for at least 6 hours. It
is assumed that the UV A part of the solar emission (320 nm
— 400 nm) delivers the main contribution to the disinfection
process (Davies and Evison, 1991; Wegelin et al., 1994;
Ubomba et al., 2009; Bosshart et al., 2010). The effect of
the accompanying solar heating is known to be quite high
for water temperatures above 50 °C, that are only seldom
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reached, but for water temperatures below 50 °C its
contribution to the disinfection success is usually neglected
or believed to be of lower importance (Joyce et al.; 1996;
Sommer et al., 1997; Berney et al., 2006).

The potential effectiveness of the SODIS method could be
proven by numerous laboratory experiments and field tests
(Boyle et al., 2008; McGuigan et al., 2011; Sommer et al.,
1997) but nevertheless the acceptance and implementation
of SODIS in the field has been subject of many studies with
very different results. Some come to the conclusion that
diarrheal diseases can significantly be reduced by the
application of this disinfection technique. This is
contradicted by an extensive field study (Maeusezahl et al.,
2009). This research group concludes that SODIS works
well in the laboratory, but is not effective in the field due to
the difficult practical implementation of the SODIS
procedure for the user.

SODIS — Open Questions

Even though a large number of papers on SODIS have been
published there are still many open questions even
concerning the UVA radiation. It is still not clarified how
the UVA disinfection process takes place in the various
microorganisms at the molecular level and it is not decided
whether the significance of the UVA radiation is possibly
overestimated.

The question of the meaning of solar heating for the
disinfection success is very important. As mentioned above
it is known to contribute to the disinfection procedure for
temperatures above 50 °C, but especially at the beginning
of the SODIS procedure the water temperature is usually far
away from 50 °C and even at noon this water temperature is
usually not reached. Does a heating to a temperature below
50 °C nevertheless contributes to the disinfection success?
The answer is not only meaningful from an academic point
of view but also influence the application in the field,
because a temperature dependence would probably result in
a reduced effectiveness in sunny but colder areas like
mountains.

Another very important question is the storage of SODIS
treated water. If water is disinfected with reagents like
Chlorine a “depot effect” is observed with the result that
germs do not recover immediately after the disinfection
procedure. SODIS treated water is very likely to be stored,
because this disinfection technique doesn’t work at night
and because of the required minimum of 6 hour solar
exposure it won’t often be available until the next day’s
afternoon. If the disinfected water is stored for one or more
days, it is an important question whether the
microorganisms proliferate in this period and whether the
water has to be disinfected again before consumption?

In this paper experiments with Escherichia coli (E. coli) are
performed to find answers to this questions, because E. coli
not only easy to handle but it is also one of the most

important diarrheal pathogens (Huang et al., 2004).
Different kinds of E. coli contaminated test waters are
produced and these samples are either disinfected by UVA
radiation or by heat or they are not disinfected at all.

Materials and Methods

For preparation of the test waters E. coli (non-pathogen
strain DSM 498) is incubated in LB medium (Luria Bertani
medium) in shaken flasks at 37 °C. Measuring the optical
density at 600 nm (LB medium with E. coli) gives a rough
estimation of the bacteria concentration. In the next step the
sterile test water is inoculated with the bacterial suspension.
This results in an E. coli concentration of about 100 000
CFU/ml (CFU: colony forming units). More precise
quantification is obtained in all experiments by membrane
filtration (DIN, 2008) with filters and Endo type nutrient
pads of Sartorius AG (Goettingen, Germany).

The experiments are performed with commercial,
transparent 0.5 | PET mineral water bottles that were
emptied and disinfected for 15 min with UVC radiation
prior to filling with the different test waters.

UVA Radiation and Contaminated Saline Solution

The first test water is an isotonic saline solution (distilled
water with 0.9 % NaCl) with an E. coli concentration of
about 100 000 CFU/ml. A first bottle of this test water is
placed horizontally in a standard lab incubator with two
UVA lamps (MASTER Actinic BL TL-D 15W-10 G13 of
Philips, Amsterdam, The Netherlands). The peak emission
can be found at 367 nm (Fig. 1). This leads to an average
UVA irradiation density of about 4 mwW/cm? or 40 W/m?.
This is a very reasonable and realistic value, because
measured UV A solar irradiation values at noon under sunny
conditions can also be about 40 W/m? (Pinedo et al., 2006).
A second PET bottle with the same bacteria solution is
coated with Aluminum foil prior to placing it in the
incubator as reference sample. Both bottles stay in the
incubator for 6 hours and the water temperature is measured
in the beginning and in the end. The heating of the incubator
was turned off during this period but the UVA lamps could
influence the temperature.
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Fig. 1: Emission spectrum of employed UVA lamp.
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UVA Radiation and Contaminated Surface Water

The second test water is autoclaved surface water of a little
pond in Ulm (Germany) that shows higher optical
absorption compared to the clear saline solution (Fig. 2.).
Again two PET bottles, contaminated with about 100 000
CFU/ml are filled with this test water. One of them gets an
Aluminium foil coating and both of them are placed within
the incubator with the UV A lamps and stay there for 6 hours
with temperature measurements in the beginning and the
end.
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Fig. 2: Absorption spectra of 0.9% NaCl solution and pond
water in the spectral region 300 to 400nm.

Increased Temperature and Contaminated Saline
Solution

It is assumed that the proposed drinking water can heat up
to temperatures of above 50 °C within the SODIS treatment
but this happens rarely (Berney et al., 2006). Joyce et al.
report of observed water temperatures during SODIS
experiments in Kenya (Joyce et al., 1996). The average
starting temperature was 24.4 °C and for the maximum
temperature an average value of 45.6 °C was reached after
a few hours. Therefore once again test water of an isotonic
saline solution (distilled water with 0.9 % NaCl) with an E.
coli concentration of about 100 000 CFU/ml is filled in
sterilized 0.5 | PET bottles and subsequently the bottles are
slowly heated from 25 °C within 4 hours to 48 °C in the
incubator. (For technical reasons the treatment was stopped
after 4 hours.)

Temporal Development Of Bacteria Concentration after
Disinfection

Again an isotonic saline solution (distilled water with 0.9 %
NaCl) with an E. coli concentration of about 100 000
CFU/ml is prepared. This sample is filled in previously
sterilized 0.5 | PET bottles and kept at room temperature for
6 days. At the beginning and after 2 and 6 days the bacteria
concentration is measured.

A similar procedure is performed for a bottle of
contaminated isotonic saline solution that was previously
sterilized by 6 hours of UVA radiation as described above.
The sample is stored in a fridge at 8 °C. E. coli

concentrations are determined by membrane filtration at the
beginning and 2 days later.

Finally pond water contaminated with an E. coli
concentration of about 100 000 CFU/ml is filled in a PET
bottle, exposed to UVA radiation for 6 hours and
subsequently stored at room temperature before the E. coli
concentration is determined after 6 days.

Results and Discussion

UVA Radiation and Contaminated Saline Solution

As expected, the bacteria concentration was significantly
reduced by the UVA irradiation in both test waters. In the
experiment with the contaminated saline solution only 2 %
of the E. coli survived the irradiation (Fig. 3.). This is a
reduction by 1.7 log-levels. Meanwhile the bacteria
concentration in the reference sample that was protected by
the Aluminium foil decreased to 77 %. This is probably not
due the observed temperature rise from 24 °C in the
beginning to 29.4 °C at the end but just a consequence of
the statistic errors of the membrane filtration method.
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Fig. 3: Bacteria concentrations and temperatures at the
beginning and the end of the UVA disinfection
procedure for contaminated saline solutions.

UVA Radiation and Contaminated Surface Water

In Fig. 4 similar results for the pond water can be found.
The UVA disinfection success is even higher than in the
saline solution with only 0.7 % surviving bacteria or an E.
coli reduction by 2.2 log-levels. This is unexpected because
of the lower optical transmission of the pond water but once
again it cannot be caused by a temperature effect since the
temperature only raised from 25 °C to 31.2 °C within the 6
hours. Maybe the higher absorption presented in Fig. 2 is
counterbalanced by multiple reflections and therefore
longer optical path lengths for the UVA radiation. Again
there is also a bacteria concentration reduction observed in
the protected reference sample but this significantly differs
from the concentration in the irradiated sample and may
again be caused by statistical errors of the membrane
filtration method. (It should be mentioned that the employed
0.5 | bottle has a small diameter of 5 cm. If larger PET
bottles with larger diameter are used the UVA intensity at
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the far side of the sun may be considerably lower, resulting
in a reduced disinfection success.)
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Fig. 4: Bacteria concentrations and temperature at the
beginning and the end of the UVA disinfection
procedure for contaminated pond water.

The disinfection success of 1.7 and 2.2 log-levels may be
impressive at first glance, but the applied UVA dose of 86.4
Jicm? (6 hours of 40 W/m?) is optimistic and might not be
reached under cloudy conditions. Furthermore there are
microorganisms which are more resistant to UVA radiation
than E. coli and in international standards for water
disinfection with UVC radiation a 5 log-level reduction
(DIN, 2007) is demanded.

So disinfection merely performed by solar UVA emissions
probably wouldn’t be sufficient for the production of safe
drinking water.

Increased Temperatures and Contaminated Saline
Solution

The results of the slow heating from 25 °C to 48 °C can be
found in Fig. 5. Under the described conditions an E. coli
reduction of 1.3 log-levels is reached. This is a significant
disinfection contribution but lower than the contribution
caused by the UVA radiation. However, it should be
considered that the sample was heated here for only 4 hours
due to technical reasons. For a duration of 6 hours the
disinfection contribution of heating would have been
expected to be larger. Sometimes there even may be
conditions, e.g. in very hot but cloudy weather, when the
heating contribution to the disinfection equals the radiation
part.
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Fig. 5: Bacteria concentration and temperature for a mere
heating disinfection of a contaminated NaCl
solution.

Temporal Development of Bacteria Concentration after
Disinfection

The question whether once disinfected water stays more or
less germ-free, is one of the most important topics for the
application of SODIS in the field.

The bacteria concentration development of the non-
disinfected E. coli contaminated saline solution at room
temperature is depicted in Fig. 6. Though the nutrient
concentration in the saline solution is quite low - and
therefore limits the germ proliferation - the E. coli
concentration increases by one order of magnitude within 2
days and even by a factor of 30 within 6 days.
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Fig. 6: Temporal development of bacteria concentration
for a contaminated but not not-disinfected NaCl
solution.

It can be expected that the regrowth of the bacteria
concentration could be even more distinct for the
contaminated and disinfected pond water, because the effect
of nutrient limit is lower for lower E. coli starting
concentrations.

This is demonstrated in Fig. 7 for previously disinfected
surface water. Though the starting concentration in this
disinfected test water is more than a factor of 100 lower than
in the untreated bacterial solution in Fig. 6, after 6 days the
concentration is even higher in the formerly disinfected
water and more than 50 times higher than the bacterial
starting concentration prior to disinfection!
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Fig. 7: Temporal development of bacteria concentration for
disinfected pond water solution.
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This proves that SODIS offers no depot effect. Treated
water doesn’t stay more or less germ-free but the low
number of bacteria that survived the disinfection procedure
recovers very fast and reaches the original germ
concentration within a period that is much shorter than 6
days.

So the water that was disinfected by the SODIS method
should be consumed within hours or otherwise it has to be
cooled to avoid bacterial recovery as is successfully
demonstrated in Fig. 8 for disinfected water that was stored
at 8 °C in a fridge which even lead to a further bacterial
reduction.
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Fig. 8: Temporal development of bacteria concentration for
a disinfected NaCl solution at 8 °C.

Conclusions

The presented experiments and results are preliminary and
incomplete with regard to the many open questions. More
experiments would have been desirable to simulate the
many more different applications and conditions — like
different PET bottle sizes, water qualities, germs, thermal
and radiation conditions.

Nevertheless a set of reasonable conditions was chosen and
with E. coli one of the most important microorganisms for
water borne infections was selected.

The performed investigations provide a good impression of
important SODIS aspects. As expected the UVA radiation
is the main contributor for the disinfection process but the
mere radiation doesn’t guarantee a high disinfection
success. The disinfection effect of heating is lower but may
be in the same order of magnitude — or even higher under
hot conditions.

One of the largest practical problems of SODIS is probably
the topic of storing disinfected water, because SODIS
shows no depot effect. The typical SODIS user usually has
no cooling capacities, so he should consume the disinfected
water within hours. Otherwise if the disinfected water is
stored for days the disinfection becomes useless because the
bacterial concentration becomes as high as it was before
performing the SODIS procedure.
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