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ABSTRACT

Microbial contamination of drinking water is a major public health threat worldwide. Some
studies have reported unusual findings of microbiological contamination in distilled water
produced from solar stills. Not knowing the exact reason for this presence, they attributed
it to possible cross contamination. In the complete absence of literature on the transfer of
bacteria in solar stills, this research was conducted to investigate whether bacteria in water
subjected to low temperature solar desalination finds its way into the effluent as a result of
cross contamination or transfer through water vapor. This study looked at how the type of
bacteria and the water temperature affected transfer in the absence of solar UV radiation.
Simulated distillation experiments performed in darkness were conducted by spiking a pure
culture of Escherichia coli or Enterococcus faecalis in tap water and heating it to low tempera-
ture ranges similar to those reached in solar stills under real sunlight. Results show that the
two types of bacteria tested in the study were transferred with the vapor in a solar still
when not exposed to solar UV radiation and that transfer at the 40–45˚C range is signifi-
cantly higher than transfer at other temperature ranges. Moreover, transfer is independent
of bacterial type; however E. faecalis transfer rates are higher than E. coli at the 40–45 and
50–55˚C ranges. While solar desalination can effectively inactivate bacteria in water, there
exists a mode of transfer of bacteria in the humid medium of the solar still to the distillate
that takes place under suboptimal weather conditions.
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vapor

1. Introduction

Microbial contamination of drinking water is a
major public health threat worldwide. In developing
countries, the problem is more severe as a result of
poor water-distribution networks and limited funding
for water treatment systems. While it is important to

treat water at the source, it is not guaranteed that the
water treated will arrive to the end-user free of micro-
bial contaminants as opportunities for recontamination
during transmission and storage exist [1]. Solar still
distillation is a point-of-use water treatment technol-
ogy that can provide fresh water for communities in
remote locations with poor water quality and quantity
sources and ample amounts of sunlight [2], or ones
that had their water supply cut-off because of natural
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disasters or unexpected accidents [3]. Unlike other
energy-intensive desalination technologies, solar stills
have desirable features such as their low cost, ease of
construction, minimal operation and maintenance
requirements, and utilization of renewable energy [4].
Fig. 1 shows the schematic of the simplest, yet, most
practical type of solar still which is the passive single-
basin solar distiller. It comprises a shallow airtight
basin where the potentially contaminated water is
filled and allowed to heat up by utilizing the solar
energy or a regular energy source. Solar radiation
transmitted through the cover increases the tempera-
ture of the water and after surface water develops
enough kinetic energy to escape the surface tension of
the liquid, it begins to evaporate leaving contaminants
in the basin. The warmed water vapor rises and is
captured on the underside of a cooler transparent
cover where it is allowed to cool and condense back
to the liquid state to form droplets that trickle down,
by gravity, to collection troughs as fresh water.

Theoretically, the evaporation–condensation pro-
cess inside solar stills is believed to remove solids,
heavy metals, and microbiological contaminants from
the water. However, few studies have actually
reported the microbiological quality of the distillate in
passive solar stills [5–9], with some studies reporting
bacterial presence in the distillate after the distillation
process [10–12]. As such, the subject of bacterial trans-
fer through vapor is still an active area of research.
No studies, to our knowledge, have eliminated solar

UV radiation to study whether there is a mode of
transfer for bacteria in a solar still, therefore, absence
of bacteria in the distillate can either be attributed to
inactivation by UV radiation or to the absence of a
transport medium. Consequently, the mode of transfer
of bacteria from water to air in the humid atmosphere
of a still has not yet been resolved since there is lim-
ited supporting evidence in the literature on it.

The study aims at investigating whether bacteria in
water subjected to low-temperature solar desalination
finds its way into the distillate as a result of cross con-
tamination or transfer through water vapor. The vari-
ables altered and tested in the study were the type of
bacteria and water temperature in the absence of solar
UV radiation. First, passive single-basin solar still
units were constructed and then experiments were
conducted using two different types of bacteria (E. coli
and E. faecalis) in dechlorinated tap water at the low
temperature ranges (30–35, 40–45 and 50–55˚C).

2. Materials and methods

Four lab-scale, hemispherical, single-basin distilla-
tion units were constructed. Each still mainly con-
sisted of a circular basin, a hemispherical dome, and a
distillate collector (Fig. 2). The basin had an area of
433.5 cm2 and a working capacity of 500ml of water,
while each dome had a surface area of 905 cm2. The
hemispherical domes were made out of polycarbonate
(PC) plastic because of its light weight, low cost, and

Fig. 1. Schematic of a passive solar still.
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durability and hence, were found convenient for han-
dling in the lab. Into each unit, a trough, a bypass
tube and a distillate collector were built. The solar still
efficiency, calculated based on the method adopted in
Flendrig et al., was 14.5% [9]. To ensure that the distil-
lation units were free of any bacterial contamination
before each experiment, they were cleaned with lab-
grade detergent, rinsed with ethanol, disinfected by
ozonation using a Microzone 300 (ClearWater Tech,
USA), and then subjected to ultraviolet light from two
15-wt TUV G15 T8 Philips germicidal sterilamps. Pure
cultures of two bacterial strains, E. coli ATCC 25922
and E. faecalis ATCC 51922, usually found in fecal-con-
taminated water, were chosen for the study. E. coli is
lactose-fermenting, gram-negative, rod-shaped bacte-
rium with 3 μm long and 1 μm wide. A member of the
fecal coliform group of bacteria, E. coli is a microbio-
logical indicator associated with the presence of dis-
ease-causing organisms in water. It is thermo tolerant
and can grow at a wide range of temperatures
between 7.5 and 49˚C with an optimum temperature
of 37˚C [13]. One gram of colon material generally
contains around 106 E. coli cells that could end up in
water sources as a result of fecal deposition. Outside
the host various stresses, such as high and low tem-
peratures, UV radiation, limited moisture, and lack of
nutrients, affect the viability of this bacterium; how-
ever, they have the ability to survive for extended
durations of time in water, in temperate, and in favor-
able climatic conditions [14]. E. faecalis are gram-posi-
tive, facultatively anaerobic fecal indicator bacteria
that are more human specific than the larger strepto-
coccus group. They have the ability to survive harsh
environmental conditions like extreme alkaline pH of

9.6, prolonged nutritional deprivation, and high salt
concentrations [15].

These cultures were provided from the American
University of Beirut Medical Center—Microbiology
and Parasitology Laboratory, Beirut, Lebanon on inoc-
ulated plates and preserved in glycerol at −80˚C for
further use throughout the experiment.

For the preparation of a stock solution of E. coli or
E. faecalis, a tube of the frozen bacterial strain was
thawed at room temperature under a hood and inocu-
lated into 100ml nutrient broth (BD Difco, USA) using
a sterile stick. The solution was then placed in a rotat-
ing incubator (Thermo Scientific, USA) at 200 rpm,
37˚C for 18 h to reach a stationary phase. The phase of
bacterial growth was determined spectrophotometri-
cally (E. coli: A600, 1.5) (E. faecalis: A600, 1.1) on a DR/
4000 spectrophotometer (HACH, USA). After 18 h, the
inoculated broth was centrifuged in a Sorvall ST16
centrifuge (Thermo Scientific, USA) at 10,000 rpm
(16,466 × g) for 20min; the supernatant was then dis-
carded and the pelleted bacteria were resuspended in
20ml sterile pre-distilled Milli-Q grade water. Centri-
fugation and resuspension were repeated three times
to facilitate the complete removal of the growth med-
ium. The resulting pellets were finally resuspended
into 20ml of sterile water to form the stock solution
with an estimated concentration of 107–108 CFU/ml.

Serial dilutions for the stock solution were per-
formed using the Miles and Misra drop count tech-
nique [16]. About 20 μl drops of the appropriate
dilution were poured on MacConkey agar plates
(HiMedia Laboratories, India) for E. coli or Columbia
CNA agar (Deben Diagnostics, UK) with 5% sheep
blood in the case of E. faecalis, in triplicate and

Fig. 2. Schematic of the solar still used in the study.
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allowed to spread. Plates were incubated for 18–20 h
at 37˚C and read the next day. Bacterial count was cal-
culated by averaging the number of colonies for each
dilution, multiplying by 50 (a conversion from 20 μl to
1ml) and dividing by the dilution factor to get the
number of CFU/ml. Miles and Misra dilutions were
also performed after the stock solution was suspended
in the sample water (15ml stock solution was spiked
into 1,500ml of dechlorinated tap water). The sample
water had a bacterial population of approximately
106 CFU/ml, simulating a worst-case scenario of water
contamination [17–19]. The sampling water was pre-
pared in a batch mode and divided into the four stills.
Before each experiment, swabs were taken from inside
the dome and the distillate collector of each still to
ensure the absence of contamination in the stills. After
each experiment, grab samples were taken from the
distillate collector and remaining water in the basin
after 24 h. Processing of grab samples was performed
on PC filters (47mm diameter, 0.4 μm pore size) by
membrane filtration method. A total of 11 experiments
were conducted; six for E. faecalis and five for E. coli at
the three temperature ranges. All experiments were
repeated twice and the numbers of CFU/100ml were
reported as the median of sixtuplicates except the
E. coli experiment at 50–55˚C range which was
repeated once and reported as the median of tripli-
cates. This was due to the fact that preliminary tests
confirmed that no transfer was taking place for E. coli
at that temperature.

Experiments were kept running for 24 h to get
enough distillate from the units. Heat was provided
through heating mantles, (Electrothermal Inc., UK)

equipped with temperature controllers to more accu-
rately control and regulate the heat and maintain con-
stant temperatures (SD ± 2.5˚C). Water temperature
(Tw) and humid air temperature (Tha) variations inside
the solar stills were measured by inserting two K-type
thermocouples at the top of each still; ambient air tem-
perature (Ta) was measured with an alcohol-in-glass
thermometer and recorded at the start of each experi-
ment. Thermocouples were attached to a USB Data
Acquisition Module (Cole Parmer, USA), connected to
a PC for continual reading of temperature (Fig. 3).
Since field trials have shown that temperature in solar
disinfection bottles and passive solar stills rarely
exceeds 50˚C [20,21], distillation experiments at low
temperature ranges (30–35, 40–45 and 50–55˚C) were
conducted on the two bacterial types.

3. Results and discussion

The assessment of whether bacteria gets transferred
via vapor to the distillate, in the absence of UV radia-
tion, is addressed by looking at the medians of
viable colony forming units per 100ml of distillate
(CFU/100ml) and analyzing how variations in the type
of bacteria and water temperatures affect the process.
Bacterial count transfer data were right-skewed and not
normally distributed (Fig. 4). This prevented the use of
typical parametric tests, such as the t-test and ANOVA.
As such, the data were analyzed using the
non-parametric Wilcoxon rank-sum test (also known as
the Mann–Whitney test) in the R statistical software.
The test is used to assess if two (not necessarily normal)
population distributions are identical [22,23].

Fig. 3. Setup of thermal experiments in EERC lab.
Fig. 4. Probability density distribution of the bacterial
transfer data.
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In this study, data are reported by their median
followed by the interquartile range (Mdn; IQR), while
differences between populations are reported by the
test statistic followed by its corresponding p-value (W;
p-value).

3.1. Transfer of E. coli in solar stills

Swabs from the dome of each still streaked on agar
plates after each experiment did not show any bacte-
rial presence. Membrane filtration tests conducted on
the remaining water in the basin of the still showed
slight bacterial reduction (0.7–1.2 log reduction) as
compared to the original contamination levels when
kept at temperature ranges between 30–35 and
40–45˚C. At 50–55˚C, levels of E. coli were significantly
reduced and most often eliminated in the basin (5.5–6
log reduction); consequently E. coli did not show up
in the distillate during the thermal distillation experi-
ments. This was in accordance to the findings of Padia
et al., who studied E. coli survival and growth in auto-
claved water inoculated with E. coli from the feces of
four different species of animals kept at different tem-
peratures and reported no survival of E. coli in the
water at 50˚C after 24 h [24]. At lower temperatures,
the results from the stills were consistent with those
reported by Rojko, who kept E. coli in a water bath for
up to 5 h at 46˚C and reported that concentrations
were not reduced [25]. It is noted that Pope et al., who
kept E. coli from different water sources in storage at
35˚C for 24 h, reported variable results ranging from
no significant reduction to a 95.51% reduction in via-
ble colonies as tested by the membrane filtration
method [26]. Given these results, we expected that
transfer at the 30–35 and 40–45˚C temperature ranges
will be higher than the transfer at higher
temperatures.

The transfer of E. coli to the distillate was expected
to vary due to the inherent variability of the microbio-
logical organisms. The triplicates for each experiment
often gave consistent counts of viable colonies trans-
ferred; yet, sometimes it varied with one still exhibit-
ing no transfer while the other two exhibiting transfer.
Starting with the same initial bacterial concentration of
106 CFU/ml, transfer of E. coli under all water temper-
ature ranges never exceeded 1,195 CFU/100ml, a 4.9-
log reduction from the original count. This maximum
concentration was recorded while using tap water
heated to 30–35˚C; however, the median transfer at
that temperature range was 23 CFU/100ml (Fig. 5).
Bacterial densities showed that the highest E. coli
transfers occurred on average at 40˚C. As compared to
the median number of colonies transferred in tap

water at 30˚C which was 23 colonies/100ml, the med-
ian at 40˚C increased to 309 colonies/100ml. At 50˚C,
no transfer was recorded suggesting that water could
be disinfected from E. coli in 24 h when low distilla-
tion temperature is set to 50˚C even in heavily con-
taminated water sources.

Our findings show that E. coli indeed has a mode
of transfer via water vapor in the humid atmosphere
of the solar still which could have aided in the trans-
fer of those bacteria to the distillate. Transfer of bacte-
ria via vapor by evaporation of contaminated waters
at low temperatures has very rarely been studied and
reported in the literature. None have investigated
whether vapor was actually transporting microbial
particles in the stills. Consequently, positive bacterial
findings in solar stills have often been explained away
in different ways. Some studies have concluded that
salinity and the growth of algae and other microflora
in water could have affected the disinfection process
in solar stills and sheltered microbial contaminants
from UV radiation [27]. Hanson et al. reported that
water, free of bacteria, may be produced by solar stills
if cross-contamination does not occur. It was also
hypothesized that bubbles, created by the turbulence
of adding water to the basin, could have bursted and
formed droplets on the glass cover which contami-
nated the distillate [11]. Balladin et al., who investi-
gated the quality of the distillate produced by a
Concrete Cascade Solar Still by comparison with a
conventional electrically powered still, reported coli-
form bacteria in both stills and attributed this finding
to airborne micro-organism contamination and low
chloride concentration. While the water temperature
reached inside the stills was not reported, the low coli-
form counts (22 CFU/ml) inside the conventional still

Fig. 5. Violin plots showing the distribution of E. coli for
each of the three temperature ranges (white dots signify
the median, thick horizontal lines the interquartile range,
thin horizontal lines the whiskers and the shaded areas
around the boxplot are rotated kernel densities).
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with respect to the high coliform counts (1,400 CFU/
ml) in the cascade still were explained by Balladin
et al. as a direct effect of distillate temperatures in the
conventional still reaching 50˚C which may have
destroyed a proportion of the bacterial population
[10]. Another recent study by Malaeb L. also reported
E. coli contamination in distilled water produced from
three novel solar stills. Although the stills were
exposed to solar radiation in these studies throughout
the day, positive bacterial counts were detected in the
distillate [13] and were attributed to possible cross
contamination.

3.2. Transfer of E. faecalis in solar stills

Swab tests taken from the dome of the stills after
the end of each experiment and streaked on Columbia
CNA agar did not show any bacterial presence. Origi-
nal microbial counts in the basin after 24 h did not get
reduced at the temperature ranges 30–35˚C. Slight
reduction (1–2 log reduction) was observed at
40–45˚C. At 50˚C, significant reduction (5–6 log reduc-
tion) was observed in the basin; yet, E. faecalis were
not completely eliminated. Our findings were in accor-
dance with studies that have reported E. faecalis to be
more resistant to heat treatment than E. coli and that
the stationary phase cells of E. faecalis can survive high
pasteurization temperatures of up to 65˚C for 15min
[15]. However, no studies exist on the pasteurization
of this bacterial species at low temperature ranges.

As for its transfer to the distillate, the maximum
observed concentration of E. faecalis was 3,250 CFU/
100ml; a 4.5-log reduction from the initial bacterial
concentration of 106 CFU/ml. This maximum was
recorded when tap water was heated to 40˚C (Fig. 6).

Average values of bacterial densities show that the
highest transfers also occurred at 40˚C. The median
number of colonies transferred in tap water at 30˚C
was 23 colonies/100ml. The number increased to
2,425 colonies/100ml at 40˚C and decreased to 28 col-
onies/100ml at 50˚C.

3.3. Testing variability across bacterial type and
temperature ranges

Independent of temperature, the results showed
that the number of viable bacterial colonies transferred
in thermal distillation experiments (expressed in
CFU/100ml) was higher in E. faecalis (Mdn = 36; IQR
= 1,685) as compared to E. coli (Mdn = 19; IQR = 315)
(Fig. 7); however, the difference between the two bac-
terial types was not statistically significant according
to the Wilcoxon signed rank test at the 95% confidence
interval (W = 170.5, p-value = 0.20).

With respect to the effect of temperature, contami-
nated water at the 40–45˚C range resulted in the high-
est count of CFUs being transferred to the distillate
(Mdn = 542; IQR = 984), as compared to water heated
to 30˚C (Mdn = 23; IQR = 40) or to 50˚C (Mdn = 9.75;
IQR = 34). This temperature-dependent transfer pattern
was consistent for both E. coli and E. faecalis. At
30–35˚C, the level of transfer was slightly lower for
E. faecalis as compared to E. coli while at 40–45˚C the
trend reversed (Fig. 8). At 50–55˚C, E. coli was elimi-
nated while E. faecalis still had some viable bacterial
colonies with a median of 28 CFU/100ml (Fig. 8).

The rate of transfer between the two bacterial
groups at different water temperatures was found to
be significant at the 95% confidence interval. For
E. faecalis, transfer levels were significantly higher than

Fig. 6. Violin plot of the distribution of E. faecalis for each
of the three temperature ranges (white dots signify the
median, thick horizontal lines the interquartile range, thin
horizontal lines the whiskers and the shaded areas around
the boxplot are rotated kernel densities).

Fig. 7. Violin plot showing skewness in the distribution of
transfer data with E. faecalis showing more variability than
E. coli (white dots signify the median, thick horizontal
lines the interquartile range, thin horizontal lines the whis-
kers and the shaded areas around the boxplot are rotated
kernel densities).
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E. coli at the 50–55˚C range (W = 16.5; p-value = 0.03) as
well as the 40–45˚C range (W = 32; p-value = 0.02) but
not at the 30–35˚C range (W = 15; p-value = 0.71). Due
to the lack of studies on the effect of low-temperature
distillation on bacterial transfers, it is not well under-
stood why E. faecalis transfers more readily as com-
pared to E. coli. Yet, one possible explanation for this
could be that E. faecalis colonies are able to survive the
transfer more than E. coli due to their relatively smal-
ler size and higher resistivity to environmental stres-
ses especially high temperatures [28]. E. faecalis is
relatively small with an average size of 1.38 × 0.31 μm
in the stationary phase [29], possibly making it easier
to travel with water vapor as opposed to the larger
E. coli (av. 3 × 1 μm) [13].

The Wilcoxon test showed that the transfers that
occurred at 40–45˚C were significantly larger (at the
95% confidence interval) than the rates observed under
the other ranges for both bacterial types
(W = 197.5; p-value = 0.004). Since the ideal temperature

for the two thermo-tolerant mesophilic bacteria used is
37˚C; heating the water at 40˚C may have favored
transfer. At 30–35˚C, the bacteria in the basin water
did not show a reduction in number; however, since
the evaporation and condensation rate was low (i.e.
approximately 25ml only of distillate was collected)
the number of transfers could have been reduced. At
40–45˚C, the evaporation–condensation rate was higher
and hence more distillate was collected (approximately
92ml) with a higher number of bacteria. At 50–55˚C
the temperature was not ideal for the two bacterial
species; so, although the condensation rate was high
(approximately 120ml of distillate collected), bacterial
survival in the basin limited the transfer.

4. Conclusion

This research targeted the transfer of bacteria to
the distillate given by three passive single-basin solar
stills, simulating real sunlight conditions without UV

Fig. 8. A conditional plot showing bacterial transfer as a function of the three temperature ranges conditional on the type
of bacteria.
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radiation. Experiments were repeated with changes in
the bacterial species and the water temperatures
reached. Two significant findings could be deduced
from this study. First, bacteria indeed got transferred
in a solar still when not exposed to solar UV radiation
and the only plausible medium of transfer is the
vapor. Transfer at the 40–45˚C range was significantly
higher than transfer at other ranges. Both the two
types of bacteria tested in the study exhibited transfer
or aerosolization from the basin of the still, through
the vapor, to the distillate in a viable state. Secondly,
transfer seemed to be independent of bacterial type
with no significant difference between E. faecalis and
E. coli; however, E. faecalis exhibited significantly
higher CFU transfers than E. coli at the 40–45 and
50–55˚C ranges. Bacteria in solar stills under natural
sunlight may also find their way to the distillate if
weather conditions are suboptimal and do not allow
enough UV radiation to penetrate. Moreover, there is
always a possibility for larger systems to have loca-
tions where ultraviolet light will not have access and
hence will have a higher probability for contamina-
tion. Further research could be conducted using larger
solar stills to get more distillate output per unit time
and be able to draw transfer curves over time.
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