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a b s t r a c t 

Solar disinfection (SODIS) in 2-L bottles is a well-established drinking water treatment technique, suitable 

for rural, peri–urban, or isolated communities in tropical or sub-tropical climates. In this work, we assess 

the enlargement of the treatment volume by using cheap, large scale plastic vessels. The bactericidal 

performance of SODIS and two solar-Fe 2 + based enhancements, namely photo-Fenton (light/H 2 O 2 /Fe 2 + ) 
and peroxymonosulfate activation (light/PMS/Fe 2 + ) were assessed in 19-L polycarbonate (PC) and 25-L 

polyethylene terephthalate (PET) bottles, in ultrapure and real water matrices (tap water, lake Geneva 

water). Although SODIS always reached total (5-logU) inactivation, under solar light, enhancement by or 

both Fe 2 + /H 2 O 2 or Fe 2 + /PMS was always beneficial and led to an increase in bacterial elimination kinetics, 

as high as 2-fold in PC and PET bottles with tap water for light/H 2 O 2 /Fe 2 + , and 8-fold in PET bottles with 

Lake Geneva water. The toxicological safety of the enhancements and their effects on the plastic container 

materials was assessed using the E-screen assay and the Ames test, after 1-day or 1-week exposure to 

SODIS, photo-Fenton and persulfate activation. Although the production of estrogenic compounds was 

observed, we report that no treatment method, duration of exposure or material resulted in estrogenicity 

risk for humans, and similarly, no mutagenicity risk was measured. In summary, we suggest that SODIS 

enhancement by either HO 

•
- or SO 

•−
4 -based advanced oxidation process is a suitable enhancement of 

bacterial inactivation in large scale plastic bottles, without any associated toxicity risks. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Solar Disinfection (SODIS) is a World Health Organization

WHO)-approved intervention for the generation of safe drinking

ater prior to consumption. Its success is based on its simplic-

ty in which a transparent container is filled with the available

ater and exposed to sunlight for one day (under normal irradi-

tion conditions) or two days under cloudy skies ( McGuigan et al.,
∗ Corresponding authors. 
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012 ). After this time, the microbial load, and especially bacterial

ounts, are significantly lower and the water is safer to drink. The

nterventions that have been successfully implemented all verified

he acceptance of this method from the local population due to its

implicity, since only a water container (usually a 2-L polyethylene

erephthalate (PET) bottle provided to the population participating

n the actions), heat and sunlight are involved. 

Despite its easy protocol, there are several pitfalls in the appli-

ation that have instigated research over the past 30 years since

he first guidelines were published ( Wegelin et al., 1994 ). For in-

tance, solar light is comprised of UVC light (which does not reach

he Earth’s crust), UVB, UVA, visible and infrared light (IR). Some
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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materials used for SODIS vessels (e.g. polycarbonate or PET) are

partially or completely opaque to UVB ( Wegelin et al., 2001 ), UVA

is significantly less energetic than UVB ( Sinton et al., 1999 ), visi-

ble light is abundant but almost harmless to microorganisms and

IR heats up water. The corresponding mode of action of each

of the wavelengths has been recently reviewed ( Giannakis et al.,

2016 ; Nelson et al., 2018 ). Briefly, the main actions are: UVB light

acts directly on the microorganism genome mutating its genetic

material ( Oppezzo, 2012 ; Pfeifer et al., 2005 ), UVA initiates ox-

idative chain reactions into the cell (in bacteria) ( Berney et al.,

2006 ; Bosshard et al., 2010a , 2010b ; Giannakis, 2018 ; Hoerter et al.,

2005 ) or matrix-related oxidative processes ( Rosado-Lausell et al.,

2013 ; Vione et al., 2010 , 2006 ), visible light in the received inten-

sities does not contribute much ( Hessling et al., 2017 ; Ng et al.,

2016 ) although recent reports indicate blue light-mediated bacte-

rial inactivation ( Halstead et al., 2019 ; Maclean et al., 2014 ), and

the heat from IR light denatures proteins causing lethal damage

( Baatout et al., 2005 ; Blaustein et al., 2013 ). 

From the above description of the mode of action of SODIS and

its applications, some obvious problems arise, which researchers

have attempted to resolve over the past 30 years. For instance, PET

filters out UVB, hence the efficacy of the process is reduced; conse-

quently UVB-transparent materials, such as Pyrex bottles or poly-

carbonate vessels have been studied ( Castro-Alférez et al., 2018 ;

Fisher et al., 2012a ; Keogh et al., 2015 ). UVB on the other hand

mainly damages the genome, which means that the cell may still

retain a capacity to repair its damage (via dark or light-assisted

processes) and re-populate the water ( Giannakis et al., 2014a ;

Vélez-Colmenares et al., 2012 ); hence oxidative processes have

been proposed as improvements to the SODIS process ( Byrne et al.,

2015 ; Ndounla and Pulgarin, 2014 ; Polo-López et al., 2018 ). Among

these processes, photo-Fenton ( Spuhler et al., 2010 ) and more re-

cently, persulfate activation ( Guerra-Rodríguez et al., 2018 ) seem

to be SODIS-compatible, since they exploit the majority of the so-

lar spectrum ( Huang et al., 2018 ; Mosteo et al., 2020 ; Rodríguez-

Chueca et al., 2017 ), their reactants (Fe 2 + , H 2 O 2 ) are benign, part

of the natural photochemical cycle ( Voelker et al., 1997 ) or they

leave harmless residual compounds ( SO 

2 −
4 in the case of persulfate)

( Matzek and Carter, 2016 ). The efficacy of these processes has been

documented in field tests; the generated oxidative species such as

the HO 

• and SO 

•−
4 inactivate cells by intracellular and/or extra-

cellular disruption of their structural integrity and vital functions

( Castro-Alférez et al., 2016 ; Ferreira et al., 2020 ; Giannakis et al.,

2018 ; Xiao et al., 2020 ). Hence, they have proven regrowth elimi-

nation capacity ( Moncayo-Lasso et al., 2009 ; Ndounla et al., 2013 ;

Rincón and Pulgarin, 2007 ), and since they utilize relatively cheap

reagents, many successful lab scale tests have been described in

the literature. 

Another issue highlighted frequently in feedback from commu-

nities using SODIS is that it is a labor-intensive process and the

low batch volume of the bottles commonly used, i.e. 2-L PET, is not

well-suited to family requirements. Since the early 20 0 0 ′ s there

have been many studies focusing on enlarging the treated volumes

by solar collector reactors of higher capacity e.g. 20–25 L, up to

32–54 L and 88–140 L ( Bichai et al., 2012 ; Martínez-García et al.,

2020 ; Nalwanga et al., 2014 ; Polo-López et al., 2011 ; Reyneke et al.,

2020 ; Ubomba-Jaswa et al., 2010 ), and larger than the standard

PET plastic bottles, such as 19-L polycarbonate bottles and 5 or

20-L polypropylene buckets ( Keogh et al., 2015 ; Polo-López et al.,

2019 ). The apparent problems that were quickly addressed in the

engineered systems (CPCs) were the increase of the optical path

which is not beneficial for light transmission and the lower wa-

ter temperatures generated in larger volumes. The latter has been

proven a crucial parameter in the absence of light, but in abun-

dant illumination it has a complementary synergistic character

( Castro-Alférez et al., 2017 ; Giannakis et al., 2014b ; McGuigan et al.,
998 ). Concerning the larger vessels, a vast series of materials

PVC, PMMA, PET, PC, and others) has recently been investigated

n their light transmittance ( García-Gil et al., 2020a ). More specifi-

ally, aspects such as the wall thickness and wavelength-dependent

ight extinction have been examined because they ultimately affect

he time required for total inactivation of bacteria. 

Exposing water in plastic reactors to intense conditions of heat

nd light raises questions regarding the formation of photoprod-

cts and the migration of compounds, from the containers into

he water, which might be harmful to the consumer. Food con-

act materials are regulated by European Regulation No.1935/2004

 European Commission, 2004 ) which states that material in con-

act with food, which also includes drinking water, should not

ransfer its constituents to the food in quantities that could in-

ur a risk to human health. The more recent European Regulation

o. 10/2011 ( European Commission, 2011 ) specifically covers plas-

ic food-contact materials (FCM) and lists the compounds autho-

ized for use in their manufacture. However, while intentionally

dded substances in plastics may be safe for the consumer, non-

ntentionally added substances (NIAS) in the final plastic material

an be toxic to the consumer ( Bach et al., 2013 ). In vitro bioas-

ays, such as the Ames test and the E-screen assay, offer robust

nd economic solutions to screen for toxicity of FCM ( Groh and

uncke, 2017 ). A limited number of toxicity studies have been car-

ied out on the SODIS process. The Ames test has been used to test

ET bottled water in SODIS-like conditions ( De Fusco et al., 1990 ;

onarca et al., 1994 ; Ubomba-Jaswa et al., 2010 ), however, there

re no reports of toxicity testing for advanced oxidative processes.

urthermore, studies to date have focused on PET plastic and so

t was of interest to investigate toxicity associated with the ad-

anced oxidative processes photo-Fenton and persulfate activation

sing PET and other plastics. 

The present study aims to fill the knowledge gap concerning

he suitability of large-volume plastic containers as SODIS or solar-

ssisted AOPs reactors and the safety of these materials in this

egard. For this purpose, we have assessed two large-volume ves-

els for their suitability as SODIS and solar-assisted oxidative pro-

esses reactors for water treatment in the field. More specifically,

 standard blue-tinted 19-L polycarbonate (PC) water dispenser

ottle and a 25-L polyethylene terephthalate (PET) jerrycan have

een subjected to conditions of solar disinfection (SODIS: no addi-

ives), solar light/H 2 O 2 , photo-Fenton (solar light/H 2 O 2 /Fe 2 + ), solar

ight/peroxymonosulfate (PMS) and (double) PMS activation (so-

ar light/PMS/Fe 2 + ). The level of E. coli inactivation during these

rocesses was monitored and the differences when distilled water

control), tap water and Lake Geneva water were used as experi-

entation matrix are reported. Finally, the suitability of the mate-

ials was studied by assessing the toxicity of the migrating com-

ounds. The estrogenic and mutagenic effects of SODIS, HO 

•-based

nd SO 

•−
4 -based AOPs was estimated after 1 or 7 days of consecu-

ive tests. 

. Materials and methods 

.1. Chemicals and reagents 

Iron (II) sulfate heptahydrate (FeSO 4 •7H 2 O) ≥ 99%, peroxy-

onosulfate triple salt (PMS, Oxone TM ), potassium peroxydisulfate

PDS) and hydrogen peroxide (H 2 O 2 ) 30%, were all provided by

igma-Aldrich, Switzerland. The plate count agar and reagents for

he preparation of the bacteriological media (NaCl, KCl, yeast ex-

ract) were also acquired from Sigma-Aldrich, Switzerland, while

acto TM Tryptone was purchased from BD Biosciences, Switzerland.

eta-Estradiol (E2), ICI 182,780 (Fulvestrant) and cell culture media

nd supplements were purchased from Sigma-Aldrich, Ireland. 
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Table 1 

Water matrices used in the study (own measurements and ( Pulgarin et al., 2020 ; Shekoohiyan et al., 2019a , 2019 b)). 

Parameter Units Distilled water Tap water Lake Geneva water 

Conductivity μS/cm at 25 °C < 0.055 287 252 

Transmittance at 254 nm (%) 100 99.7 96 

pH 6.25 8.15 8.3 

Total organic carbon (TOC) mg/L < 0.005 < 0.005 0.9 

Phosphate (PO 4 
3 −) mg/L < 0.05 0.019 

Bicarbonate (HCO 3 
−) mg/L 110 108 

Chloride (Cl −) mg/L 11 8 

Sulfate (SO 4 
2 −) mg/L 47 48 

Nitrate (NO 3 
−) mg/L 3 2.7 

Nitrite (NO 2 
−) mg/L < 0.05 0.005 

Total iron (Fe) mg/L 0.092 0.01 

Hardness °f 13 13.6 

Calcium (Ca 2 + ) mg/L 44 45.1 

Magnesium (Mg 2 + ) mg/L 6 5.7 

Sodium (Na + ) mg/L 6.9 6.65 

Potassium ( K + ) mg/L 1.8 1.7 
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.2. Water matrices 

In order to assess the differences and effects of water compo-

ents on bacterial disinfection, the tests took place in distilled wa-

er (DI), tap water (without further pretreatment or chloride re-

oval) and Lake Geneva water from the nearby pumping station of

t. Sulpice, Lausanne, Switzerland. The main physicochemical char-

cteristics of the water matrices are summarized in Table 1 , ob-

ained from own measurements and the Lausanne Water Services. 

.3. Bacterial preparation and enumeration methods 

The E. coli K12 wildtype strain was originally obtained from

he German Collection of Microorganisms and Cell Cultures (DSMZ,

train no. 498) and stored in 20% glycerol at −20 °C. The prepara-

ion method was previously published in detail ( Giannakis et al.,

013 ; Marjanovic et al., 2018 ); briefly, one colony from a pre-

ulture was inoculated in 5 mL of sterilized Luria-Bertani (LB)

roth (10 g/L Bacto TM Tryptone, 10 g/L NaCl and 5 g/L NaCl). The

ispersion was incubated at 37 °C under shaking at 180 rpm for

 h. Afterwards, 1% dilution was performed in LB and the solu-

ion was further incubated for 15 h under the same conditions. E.

oli were separated from the medium by centrifuging at 50 0 0 rpm

or 15 min at 4 °C followed by a rinsing step with a sterile saline

olution (8 g/L NaCl and 0.8 g/L KCl); the process was repeated

hree times, for 5 min, under the same conditions. The bacterial

ellet was finally suspended in 25 mL of saline solution. 

The concentration of the resulting bacterial stock was

0 9 Colony Forming Units per mL (CFU/mL). The initial concentra-

ion of 10 5 CFU/mL which was used throughout the disinfection

xperiments was obtained by dilution and was estimated by the

tandard plate count method on non-selective plate count agar

PCA). PCA plates were incubated for 24 h at 37 °C, followed by

anual colony counting. 

.4. Plastics used in the study 

Three types of plastic containers were used in the study –

olyethylene terephthalate (PET) from a 25-L transparent container

which we used as jerrycan, PETjc), PET from a 500-mL coca cola

ottle (PETcc) and blue polycarbonate (PC) from a 19-L container

sed in a water dispenser (see Table 2 for more information). Prior

o the disinfection tests, the used Coca-Cola bottles were washed

ith ethanol, warm water with soap and rinsed multiple times

ith DI water. After the disinfection tests and prior to toxicity test-

ng, the pieces of plastic were cleaned with 70% ethanol, rinsed

ith DI water, and cut into small pieces of 4 × 4mm 

2 . 
.5. Experimental strategy of disinfection tests and toxicity assays 

The objective of the study was to study the solar-assisted bac-

erial disinfection in large-volume reactors. The disinfection tests

ook place in the PET jerrycans and blue PC bottles. The disinfec-

ion capacity of solar light, photo-Fenton and solar/Fe 2 + activated

eroxymonosulfate were assessed in DI water (blank), tap water

real matrix in absence of organic matter) and Lake Geneva wa-

er (real water matrix with organic matter). Solar disinfection (no

dditives), solar light/H 2 O 2 , photo-Fenton (solar light/H 2 O 2 /Fe 2 + ),
olar light/PMS and (double) PMS activation (solar light/PMS/Fe 2 + )
ere assessed for their bactericidal efficacy. SODIS (hv) is con-

idered the baseline process, the hv/H 2 O 2 and photo-Fenton pro-

esses are the HO 

•-producing group of AOPs while hv/PMS and

v/PMS/Fe 2 + are producing both HO 

• and SO 

•−
4 . 

For the assessment of the toxicological safety of the plastic ma-

erials, a battery of tests was applied after disinfection. To achieve

eproducible results in the most unfavorable conditions, the plas-

ics were cut, and the migrating substances’ toxicity was separately

valuated. To ensure a benchmark comparison with the new, food-

pproved PET jerrycan (PETjc), another already food-approved PET

aterial was used (PET from Coca-Cola bottles, PETcc). The plastic

ottles were cut in pieces and the respective amounts of material

ere submerged in 1 L of Milli-Q (MQ) water in a borosilicate glass

essel: PETjc (8.3 g), PETcc (15 g) and polycarbonate (PC, 14.5 g).

he quantities of plastic used corresponded to the internal surface

xposed for each original container, from which the plastic would

each into the water, divided by the quantity of water treated by

he vessel. The use of MQ water prevented any interference from

he water matrix and the use of borosilicate glass vessel any fur-

her leachables generation. For the toxicity tests, solar light, photo-

enton and PDS activation (instead of PMS) by solar light and Fe 2 + 

ere assessed; PMS activation leads to hydroxyl and sulfate rad-

cals’ generation hence in order to dissociate the effects of SO 

•−
4 ,

DS was used as a precursor, to avoid simultaneous HO 

• genera-

ion by the oxidant and have only the possibility of its partial gen-

ration from side reactions ( SO 

•−
4 reaction with HO 

−). 

.6. Solar-based treatment methods used in the study 

The disinfection tests were carried out on the terrace of the

wiss Federal Polytechnic School, Chemistry building, under clear

ays in July and August (Lat: 46.5191 ° N, Long: 6.5668 ° E). The

ottles were placed standing on their base, on a metallic surface

sub-optimal configuration for reflectance and effective irradiation

urface area use) to simulate as unfavorable conditions as possible,

n the assumption that any enhancements might be more readily
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Table 2 

Plastic bottles used in the study and their geometrical characteristics. 
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observed; see Fig. S1 for the setup configuration. The global solar

irradiance was monitored using a Kipp & Zonen (CM3) pyranome-

ter and the values were recorded automatically in 1-min inter-

vals, from which the total solar energy was calculated, while tem-

perature was recorded manually. The selected concentrations were

Fe 2 + : 1 ppm (18 μM), H 2 O 2 : 10 ppm (290 μM) for the solar/H 2 O 2

and the photo-Fenton processes, while Fe 2 + : 1 ppm (18 μM) and

2.74 mg/L Oxone TM (36 μM) were used for the solar and solar/Fe 2 + 

activation of PMS. Kinetic analysis was performed in Origin Soft-

ware, by fitting log-linear curves. 

For the toxicity tests, solar irradiation was simulated by a

SUNTEST Solar Simulator, using a 1500 W Xe lamp, with a wave-

length spectral distribution of approx. 0.5% of emitted photons

< 320 nm (UV-B range) and about 5–7% between 300 and 400 nm

(UVA range). The emission spectrum between 400 and 800 nm fol-

lows the solar spectrum. Light intensity was set at 10 0 0 W/m 

2 

and was pre-calibrated with a Kipp & Zonen (CM3) pyranome-

ter. The irradiation experiments were started at room temperature

(25 °C) and the temperature of the solution increased up to ap-

proximately 30 °C during irradiation, due to the air-cooling system

of the SUNTEST. All experiments were carried out in equilibrium

with air agitation at 700 rpm. 

Three different treatments were used. Solar disinfection (SODIS)

without any enhancements, photo-Fenton (solar light/H 2 O 2 /Fe 2 + )
using 10 ppm (290 μM) H 2 O 2 (Riedel-de Haën, Germany)

and 1 ppm (18 μM) Fe 2 + and persulfate activation (solar

light/PDS/Fe 2 + ) using 24.3 ppm (90 μM) peroxydisulfate (PDS) and
 ppm (18 μM) Fe 2 + ; the values were selected for their expected

fficacy according to previous studies ( Marjanovic et al., 2018 ;

odríguez-Chueca et al., 2019 ). 

Two time periods of irradiation were investigated – 6 consecu-

ive hours for 1 day, and 6 consecutive hours a day for 7 consec-

tive days (1 week). Corresponding control vessels were incubated

n the dark. Following incubation, water samples were extracted

sing solid phase extraction and analyzed for estrogenicity using

he E-screen method and for mutagenicity using the Ames test. 

.7. Solid Phase Extraction (SPE) of the treated water samples 

Water samples were extracted using a modification of the solid

hase extraction method described by Wagner and Oehlmann, and

bbas et al. ( Abbas et al., 2019 ; Wagner and Oehlmann, 2011 ). Oa-

is HLB Glass Cartridges (5cc/200 mg LP by Waters Chromatogra-

hy, Ireland Ltd) were conditioned by pouring 4 ml acetone into

he cartridge. The acetone was collected, discarded and the step

as repeated. The cartridge was then equilibrated by pouring 4 mL

istilled water. The water was collected, discarded and the proce-

ure was repeated. The cartridges were set up on a Waters 20 po-

ition extraction manifold (Waters Corporation, Milford, MA, USA)

onnected to a Waters vacuum pump (220 V, 50 Hz). The treated

ater sample by a solar-assisted process (1 L) was loaded onto

he cartridge and extracted under vacuum using a flow rate of

2 mL/min. The effluent was then collected and discarded. The dry

artridge was eluted with 4 mL HPLC grade methanol which was
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ollected in a 7 mL capacity glass vial (Fisherbrand 

TM Bijou Type

II soda lime) with a polypropylene cap. DMSO (100 μL) was added

nto the vial. The methanol was removed under a gentle stream

f nitrogen yielding final extracts in 100 μL DMSO (concentration

actor: x10.0 0 0). The glass vial with PP cap was stored at −20 °C
ntil analyzed. To assess recovery of estrogenic compounds water

as spiked with a range of concentrations (10 −14 M to 10 −6 M)

f the synthetic xenoestrogen BPA or endogenous estrogen E2. Re-

overy was determined by comparing proliferative effects of spiked

ater extracts with effects of equivalent concentrations of BPA and

2 (10 −14 M to 10 −6 M) that did not undergo extraction. Average%

ecovery was 93%. 

.8. E-screen bioassay 

Endocrine disruption is the potential consequence of exposure

o chemicals that may interfere with the endocrine system. The E-

creen is a mammalian assay estrogen screen that measures (xeno)

strogen-induced cell proliferation in MCF-7 cells. Prior to the E-

creen, the solid phase extracted samples (in DMSO) were diluted

00-fold with cell culture medium resulting in a final solvent neg-

tive control concentration of 1% (v/v). The cell culture condi-

ions for the E screen, described by Soto et al. ( Soto et al., 1995 ),

ere used with minor modifications and cell number was quan-

ified based on DNA binding to the fluorescent Hoechst 33,258

ye as described by Papadimitriou and Lelkes ( Papadimitriou and

elkes, 1993 ). 

Briefly, MCF-7 BOS cells (kindly donated by Professor Ana M

oto, Tufts University School of Medicine Boston, MA) were rou-

inely maintained in DMEM medium with phenol red and sup-

lemented with 5% fetal bovine serum. Prior to treatment, the

ells were seeded on 96 well plates at an initial density of 40 0 0

ells/well. After 24 h to allow cell attachment, the cell culture

edium was replaced with 100 μL medium containing controls

medium alone (blank), 1% (v/v) DMSO in medium (negative),

edium containing 1 nM E2 (positive)), 100-fold diluted sam-

le extracts (final concentration factor 100 X) and 100-fold di-

uted sample extracts with ICI 182,780 (1 μM), an estrogen an-

agonist. Hormone-free cell culture medium (DMEM/F12 without

henol red) containing 2.5% newborn calf serum and 2.5% charcoal

tripped fetal bovine serum and 2 mM glutamine was used during

he assay and for sample dilutions. The proliferative response of

he E screen bioassay was validated using 17- β estradiol (0.01 pM-

 μM). After 6 days of incubation at 37 °C in 5% CO 2 proliferation

as determined using the fluorescence dye Hoechst 33,258. 

.9. Data interpretation and analysis 

Fluorescence emission of each water extract was normalized to

uorescence emission of the negative control giving the prolifer-

tive effect (PE) of the water extract (Equation 1: Calculation of

roliferative Effect). 

E = 

Water extract fluorescence 

Negative Control fluorescence 
× 100 (1) 

The estrogenic activity of the water extracts was evaluated
y determining relative proliferative effect (RPE). The RPE (% E2)
ompares the maximal fluorescence produced by the water ex-
ract with the fluorescence emitted by the positive control (1 nM
2) (Equation 2: calculation of Relative proliferative effect index,%
2). 

PE = 

Water extract fluorescence − Negative Control fluorescence 

E2 fluorescence − Negative Control fluorescence 

× 100 (2) 
Total agonists of E2 were defined by Kuch et al. ( Kuch et al.,

010 ) as samples having RPE between 80% and 100% relative pro-

iferation. Partial agonists were defined as samples having RPE be-

ween 25% and 80% relative proliferation while weak agonists were

efined as samples having RPE between 10% and 25% respectively.

inally, non-estrogenic substances will have RPE values between 0

nd 10%. Estradiol equivalents (EEQ) were calculated by interpola-

ion from a dose response curve of 17 β estradiol in the range 0.01

M to 1 nM E2 (data not shown) (Equation 3: Equation for the in-

erpolation of EEQ values from the dose response curve of 17 β
stradiol). 

 = 8500 . 6 x 0 . 2096 (3) 

EEQ were corrected for final concentration factor and reported

s ng/L of the original water sample. Three independent experi-

ents were conducted on each sample. 

Graphs were plotted as the mean ± SD of the PE using the Ex-

el Microsoft office software. Data analysis was performed using

BM SPSS statistics 25, all the data points that fell more than 1.5

imes the interquartile range above the third quartile or below the

rst quartile (1.5IQR) were consider outliers and removed. Analysis

f variance (single factor ANOVA) was used to compare the effects

f the different treatments on the MCF-7 proliferative effect; fol-

owed by a Tukey and Game-Howell Post Hoc analysis. All differ-

nces were considered statistically significant when p < 0.05. 

.10. The Ames test 

In order to assess the genotoxic/mutagenic activity of the water

amples, the Ames test was employed; genotoxicity refers to the

bility of toxic agents to damage the genetic material in the cells.

amples for testing were first extracted using the SPE method de-

cribed above. The samples were concentrated 10 0 0-fold and 10 μL

olumes were tested for mutagenicity/genotoxicity using the Ames

I kit by Xenometrix AG (Allschwil, Switzerland). The kit contains

. typhimurium strains TA98 used for the detection of frameshift

utations and TAMix a mixture of equal proportions of the Ames

I TA7001-TA7006 strains to detect base-pair substitutions. Freshly

repared overnight cultures of TA98 and TAMix were exposed to

he test sample as well as to a positive and negative control for

0 min in exposure medium containing sufficient histidine to sup-

ort a few cell divisions. After 90 min exposure, cultures were di-

uted in pH indicator medium lacking histidine and aliquoted into

8 wells of a 384-well plate. Within 2 days, cells that had under-

one the reversion to histidine prototrophy—either spontaneously,

r, as a result of the exposure to a mutagen— grew into colonies.

acterial metabolism reduces the pH of the medium, changing the

olor of that well from purple to yellow. The number of wells con-

aining revertant colonies was counted for each sample and com-

ared to a solvent (negative) control. The result was expressed as

he fold increase over the baseline which was the ratio of the mean

umber of positive wells for the dose concentration divided by the

aseline. The baseline was obtained by adding one standard devi-

tion to the mean number of positive wells of the solvent control.

 sample that showed a clear fold induction ≥2 above the base-

ine was classified as a mutagen. The mutagenic potential of the

amples was assessed directly and in the presence of liver S9. 

. Results and discussion 

.1. E. coli disinfection tests in PC and PET bottles, under SODIS and 

xidative methods 

Figs. 1-4 summarize the disinfection experiments that took

lace in the two large-scale bottles, namely the 19-L blue poly-

arbonate bottle and the 25-L polyethylene terephthalate jerrycan
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Fig. 1. Solar disinfection and enhancement experiments (hv/H 2 O 2 , hv/H 2 O 2 /Fe 2 + , 
hv/PMS and hv/PMS/Fe 2 + ) in the Polycarbonate bottle, with distilled water. Ini- 

tial concentrations of added reagents: [Fe 2 + ] 0 = 18 μM, [H 2 O 2 ] 0 = 290 μM, 

[PMS] 0 = 36 μM. The vertical bars indicate the standard deviation from the mean 

bacterial concentration while the horizontal ones the SD of the received solar en- 

ergy. Temperatures 1 and 2 (square and diamond traces) refer to the climatological 

conditions of the days when PMS or H 2 O 2 based experiments took place, respec- 

tively (SODIS was always performed as control). 

Fig. 2. Solar disinfection and enhancement experiments (hv/H 2 O 2 , hv/H 2 O 2 /Fe 2 + , 
hv/PMS and hv/PMS/Fe 2 + ) in the Polycarbonate bottle, with tap water. Ini- 

tial concentrations of added reagents: [Fe 2 + ] 0 = 18 μM, [H 2 O 2 ] 0 = 290 μM, 

[PMS] 0 = 36 μM. The vertical bars indicate the standard deviation from the mean 

bacterial concentration while the horizontal ones the SD of the received solar en- 

ergy. Temperatures 1 and 2 (square and diamond traces) refer to the climatological 

conditions of the days when PMS or H 2 O 2 based experiments took place, respec- 

tively (SODIS was always performed as control). 

Fig. 3. Solar disinfection and enhancement experiments (hv/H 2 O 2 , hv/H 2 O 2 /Fe 2 + , 
hv/PMS and hv/PMS/Fe 2 + ) in the PET jerrycan, with tap water. Initial concentrations 

of added reagents: [Fe 2 + ] 0 = 18 μM, [H 2 O 2 ] 0 = 290 μM, [PMS] 0 = 36 μM. The 

vertical bars indicate the standard deviation from the mean bacterial concentration 

while the horizontal ones the SD of the received solar energy. Temperatures 1 and 

2 (square and diamond traces) refer to the climatological conditions of the days 

when PMS or H 2 O 2 based experiments took place, respectively (SODIS was always 

performed as control). 

Fig. 4. Solar disinfection and enhancement experiments (hv/H 2 O 2 , hv/H 2 O 2 /Fe 2 + , 
hv/PMS and hv/PMS/Fe 2 + ) in the PET jerrycan, with Lake Geneva water. Ini- 

tial concentrations of added reagents: [Fe 2 + ] 0 = 18 μM, [H 2 O 2 ] 0 = 290 μM, 

[PMS] 0 = 36 μM. The vertical bars indicate the standard deviation from the mean 

bacterial concentration while the horizontal ones the SD of the received solar en- 

ergy. Temperatures 1 and 2 (square and diamond traces) refer to the climatological 

conditions of the days when PMS or H 2 O 2 based experiments took place, respec- 

tively (SODIS was always performed as control). 
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Table 3 

Summary of the bacterial inactivation kinetics, grouped per material and per treatment process. 

PC MQ Water PC Tap Water PET Tap Water PET Lake Water 

k (min −1 ) Value Std. Error Value Std. Error Value Std. Error Value Std. Error 

SODIS (hv) 0.0984 0.0234 0.0471 0.0044 0.0442 0.0017 0.0114 0.0008 

hv/H 2 O 2 0.1242 0.0137 0.0983 0.0097 0.0910 0.0095 0.0377 0.0019 

hv/H 2 O 2 /Fe 2 + 0.2124 0.0438 0.0684 0.0133 0.0851 0.0218 0.0275 0.0051 

hv/PMS 0.1047 0.0129 0.0470 0.0066 0.1114 0.0118 0.0929 0.0055 

hv/PMS/Fe 2 + 0.2723 0.0203 0.0466 0.0051 0.1062 0.0221 0.0727 0.0090 
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hereon: PC and PET, respectively). Since the bacterial inactiva-

ion mechanisms of SODIS, hv/H 2 O 2 , hv/H 2 O 2 /Fe 2 + (photo-Fenton),

v/PMS and hv/PMS/Fe 2 + have been previously discussed in the

ntroduction section; interested readers should refer to: ( S. Gian-

akis et al., 2016 ; Marjanovic et al., 2018 ; Rodríguez-Chueca et al.,

019 ; Xiao et al., 2019 ), here we will not extensively discuss the

athways to inactivation but will focus only on the main driving

orces under the given conditions and the new propositions due

o the changes in the container material and the water matrix in

hich the experiments took place. 

.1.1. 19-L PC bottle with DI water 

Fig. 1 showcases the experiments that took place in PC bottle, in

I water. Solar disinfection (hv alone) attained total (5-logU) bacte-

ial inactivation within a reasonable timeframe (90 min), given the

oderate ambient temperatures. The kinetics resemble the typical

og-linear inactivation after a lag period. Our results are in accor-

ance with the ones of Keogh et al. ( Keogh et al., 2015 ), where

otal inactivation of 6-log E. coli was attained in 2 h in Spain in

imilar reactors (same material, volume, color and thickness). 

SODIS inactivates bacteria mainly via the solar light UV and vis-

ble wavelengths (optical pathways) and heat (thermal pathway).

he temperature during experimentation never surpassed 32 °C
hich is not expected to inactivate bacteria; on the contrary it is

lose to the optimal temperature for the survival of the mesophilic

. coli (37 °C) ( Giannakis et al., 2014b ). Hence, inactivation is at-

ributed solely to the light-mediated pathways. Similarly to Keogh

t al. ( Keogh et al., 2015 ), the PC reactor permits the transmittance

f the UV part in the UVB region of 290–320 nm, which has signif-

cant germicidal capacity and the UVA region (320–400 nm), which

nitiates a lethal intracellular cascade of oxidation events in bacte-

ia (transmittance of PC: see Fig. S2). However, the transmittance

eaches a plateau around 55% for the visible light. Although visible

ight has limited effect in the direct E. coli inactivation its partic-

pation is crucial in the other processes (to be discussed at later

tage). 

Addition of H 2 O 2 in the water bulk enhanced E. coli inactiva-

ion ( + 26%) because it initiates two parallel disinfection events: i)

he extracellular oxidation and, ii) after the passage of H 2 O 2 into

he cell, the enhancement of the oxidative events initiated by UVB

nd UVA light. The simultaneous presence of H 2 O 2 and Fe 2 + in-

uces the generation of hydroxyl radicals in the bulk and into the

ell via the Fenton process, hence the observed enhancement of

. coli inactivation compared to SODIS (116%). Fe 3 + precipitates

n near-neutral pH hence, the photo-Fenton is driven by colloidal

ron forms, iron oxides and water-bound ligands ( Farinelli et al.,

020 ), which, considering the different kinetics of heterogeneous

rocesses against the homogeneous ones explain the short delay

hown. 

The addition of PMS into the water bulk enhanced SODIS (47%),

nitiating the oxidation of E. coli , similarly to previous works

 Rodríguez-Chueca et al., 2019 , 2017 ). In the PC reactor, we attain

n activation of the PMS to generate hydroxyl and sulfate radicals,

ia the homolysis of the O 

–O bond. Although only UVC light was
elieved to activate the peroxide bond, recently, UVB and UVA ir-

adiation have shown to be able to activate PDS and H 2 O 2 and ini-

iate the generation of radicals ( Huang et al., 2018 ); in fact, in PMS

his process should be easier due to the asymmetric structure of

he precursor molecule, when compared with PDS ( Flanagan et al.,

984 ). Addition of Fe 2 + will initiate another pathway, the metal-

nduced PMS activation with Fe 2 + oxidation to Fe 3 + . However, PMS

as been proven to reduce Fe 3 + to Fe 2 + , allowing its further acti-

ation, with the simultaneous production of SO 

•−
5 radical which is

onsidered to have germicidal capacities ( Rodríguez-Chueca et al.,

019 ). Hence, the consecutive addition of PMS and PMS/Fe 2 + under

olar light induces an increase in the inactivation kinetics (177%).

 summary of the kinetics from which the improvement% was cal-

ulated is presented in Table 3 . 

.1.2. 19-L PC bottle with tap water 

Fig. 2 summarizes the experiments that took place in the

ame reactor but in tap water instead of DI water. Firstly, simi-

ar temperature profiles between the days of experimentation in

I and tap water are reported, hence there are no differences

n thermal induced effects, e.g. light-thermal syner gy ( Castro-

lférez et al., 2017 ; McGuigan et al., 1998 ) or PMS activation

 Rodríguez-Chueca et al., 2019 ). Table 1 of the Materials and Meth-

ds details the differences among the two matrices, with the two

ost significant being the alkaline pH of tap water (8.15), the

resence of ions and a small absorbance in the far UVB region.

nder solar light, the pH does not significantly influence bacte-

ial inactivation, but the presence of ions eases the osmotic pres-

ure that E. coli suffer in their absence (in DI water). Also, some

f the ions contained the water have a small light absorbance

 Rommozzi et al., 2020 ), hence the little difference in the UV–vis

bsorption spectra between DI and tap water (Fig. S3); these two

ctions lead to a 50% decrease in disinfection kinetics in tap water.

The changes in pH and the presence of ions have a more sig-

ificant influence in the radical-based processes. More specifically,

ll processes are hindered significantly by the changes in the ma-

rix, except H 2 O 2 ( −13%); its main action mode (after diffusion

nto the cell) does not get highly affected. H 2 O 2 is an uncharged

ompound and the change of the overall E. coli charge at the new

H (isoelectric point of E. coli < 4, likely ~2.5 ( Hairden and Har-

is, 1953 ; Rijnaarts et al., 1995 )) does not hinder its passing into

he cell. However, the addition of Fe 2 + and the induction of the

hoto-Fenton process is significantly affected ( −68%). Although the

hoto-Fenton process eventually inactivates E. coli 45% faster than

ODIS, we observe that the kinetics are slower than the absence

f Fe 2 + . As it can be seen in Figure S4, the addition of Fe 2 + in tap

ater leads to a rapid oxidation and a yellow tint in water from

he beginning of the experiment, hence, the slow, plateau-like per-

ormance of the photo-Fenton process. The delay of the process

an be attributed to the light attenuation of the precipitated iron

 García-Gil et al., 2020b ). A similar problem was encountered in

nother study with the same tap water ( Pulgarin et al., 2020 ) and

he use of citrate was employed as an iron chelator to prevent its

apid precipitation. Also, scavenging of HO 

• is expected; C l −, HCO 

−

3 
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and NO 

−
3 react with HO 

• to generate Cl •, CO 

•−
3 and NO 

•
3 radicals,

which are less oxidative than HO 

• (hence less germicidal) while

sulfates scavenging does not lead to reactive radicals at this pH

( Rommozzi et al., 2020 ). 

The hv/PMS process is also affected by the change in pH

( −66%). The reasons between this delay are most likely i) the dif-

ficulty to come in contact with E. coli and induce extracellular ox-

idation ( E. coli are now more negative and HSO 

−
5 is an anion), ii)

the ineffective reaction of PMS with water components (e.g. with

Cl − that generates less oxidative radicals) iii) and the shift from

a SO 

•−
4 to a more HO 

• dominated inactivation process ( Liu et al.,

2015 ), due to the high presence of -OH. All possibilities are corrob-

orated by the higher reduction in the efficacy of hv/PMS than the

respective hv/H 2 O 2 process. Also, especially in the case where PMS

is activated by Fe, the same optical reasons that delayed photo-

Fenton also apply here, leading to an 83% kinetics reduction com-

pared to the DI water experiments. Furthermore, the SO 

•−
4 gener-

ated is less scavenged by water matrix ions than HO 

• ( Wang et al.,

2020 ) hence the hv/Fe 2 + activation of PMS results in basic pH re-

sults in slower kinetics than the hv/PMS process. Despite the pos-

sibility of PMS to reduce Fe, the generation of SO 

•−
5 is also not the

most effective way to inactivate E. coli . 

We should note here that in terms of inactivation kinetics the

H 2 O 2 -based processes enhanced SODIS more than the PMS ones,

for the selected amounts of Fe, H 2 O 2 and PMS. More specifically,

the benefit of adding H 2 O 2 or H 2 O 2 /Fe 2 + in the SODIS process is

130 and 45% respectively, while for the PMS and PMS/Fe 2 + addi-

tions, the increase in PC and tap water is negligible (8 and 5%).

Hence, the H 2 O 2 -based processes seem to be better enhanced in

PC bottles. 

3.1.3. 25-L PET jerrycan with tap water 

Fig. 3 details the experiments that took place in the 25-L PET

jerrycan and the point of comparison is the plastics used in the

reactor (i.e. we will not repeat the ion-related issues discussed in

Fig. 2 ). The first difference is the slightly higher volume of the PET

jerrycan (25 vs. 19 L), but the optical pathway of the two reac-

tors is relatively close, so we do not consider it a key aspect (the

bottles’ differences were summarized in Table 2 ). Also, we can fac-

tor out any temperature influence due to the consistency of the

weather during the days of experimentation. 

The inactivation kinetics of SODIS alone were very similar in the

two types of reactor; in the PET bottle almost the same dose was

necessary to achieve 5-logU reduction of the bacterial load com-

pared to the PC reactor (only 6% faster in PC). In our opinion, this

fact is actually a coincidence, considering the big differences in the

reactor color, thickness and consequently the transmission in the

water bulk. Firstly, PC does allow some UVB to get transmitted into

the water bulk, but PET effectively blocks all wavelengths below

320 nm (0.8% transmittance at 319 nm, 1.95% at 320 nm, see Fig.

S2). Moreover, it has been recently calculated that the thickness

and the material can greatly influence the outcome of the disin-

fection process ( García-Gil et al., 2020a ); between a PC bottle with

2 mm thickness and a PET one with 0.5, the PET shows more than

25% higher UV–vis transmittance. Our material is ~1.5 mm thick,

but has a blue tint, so this range of reported difference is not far

from our case. Hence, we have to consider a complete shift in the

underlying inactivation mechanisms induced by light alone. In PC,

UVB acts at DNA level and UVA induces the intracellular photo-

Fenton process, but in PET bottles the former is not active at all.

However, the UVA levels transmitted in the PET Jerrycan are sig-

nificantly higher than the PC, and most likely compensate the loss

of the highly energetic UVB photons by the ample transmittance

of the UVA ones. These results cannot be scaled with the ones by

Keogh et al. ( Keogh et al., 2015 ), since a 2-L PET bottle was used

there, but the transmittance of the Jerrycan is comparable with the
tandard SODIS bottle, if not a little higher (Fig. S2); hence the ma-

erial is an excellent choice for SODIS, no worse than the PC tested

efore by Keogh et al. ( Keogh et al., 2015 ). 

The transparent color of the PET jerrycan and its smaller thick-

ess allows significantly higher light transmittance in the PET re-

ctor in the UVA-vis region. This fact affects the performance of

ome of the oxidative processes. More specifically, the hv/H 2 O 2 

rocess is mildly affected (4-logU instead of 5-logU reduction in

0 0 0 Wh/m 

2 , −16%) due to this shift. The reason is that PET

oes not allow UVB transmittance, which still has a small capac-

ty of homolytic disruption of H 2 O 2 to generate HO 

•, hence the

xperiments in PET lose this pathway compared to PC due to the

enfold drop of the homolytic quantum yield between UVB and

VA ( Zuo and Hoigne, 1992 ). Nevertheless, the much higher UVA-

is light transmitted, in presence of H 2 O 2 allows the intracellular

hoto-Fenton to take place and compensate the loss of the ex-

racellular pathway. Hence the overall efficacy remains the same.

he photo-Fenton process itself is now not hampered (24% kinet-

cs’ increase), since the PET allows higher UVA transmittance that

nitiates the intracellular events, but also an important difference

n visible light, which also affects E. coli ( Mosteo et al., 2020 )

nd assists in iron recycling, increasing the small extent that it

akes place (intracellular events, LMCT in the bacterial cell wall)

 Giannakis et al., 2018 ). 

The hv/PMS process is highly benefited from the change in ma-

erial (118% increase in kinetics). As a matter of fact, almost half

he energy is required to inactivate 5 logU of E. coli . The expla-

ation behind this change lies within the photo-activity of PMS

n the UV–vis range. Fig. S5 depicts the molar absorption coeffi-

ient of H 2 O 2 and PMS, where significantly higher values are ob-

erved for the latter. As such, we postulate that UVA (and vis light)

an effectively activate PMS, being the only wavelengths that are

ransmitted in the reactor. Furthermore, although the PET does not

ermit UVB, the significantly higher UVA and visible light trans-

itted over-compensate its loss; UVA and visible light have been

reviously proved to synergistically inactivate E. coli ( Rodríguez-

hueca et al., 2019 ) and is verified here as well. The addition of

e 2 + , similarly to the photo-Fenton process, although it reduces the

fficacy of the hv/PMS process, the difference is now much lower

ith hv/PMS most likely due to the Fe 3 + -PMS activity reported in

iterature; Fe 3 + under UVA/vis has been found to enhance PMS-

ediated degradation of contaminants ( Hasan et al., 2020 ). Also,

lmost half the required energy is required for the total E. coli in-

ctivation in the PET Jerrycan compared to the PC bottle (114% in-

rease in kinetics). The iron-related mechanisms are functioning in

 higher degree than the PC bottle hence the overall decrease in

olar energy dose. Hence the PET, at these dimensions and thick-

ess, despite the loss of the UVB photons is deemed a good alter-

ative material for both SODIS and oxidative processes. 

It is noteworthy that, for the selected amounts of Fe, H 2 O 2 and

MS, the addition of H 2 O 2 and H 2 O 2 /Fe 2 + in the SODIS process re-

ulted in 106 and 93% increase in tap water in the PET jerrycan,

hile 152 and 140% were the corresponding PMS and PMS/Fe 2 + 

ncreases in kinetics (compared to SODIS). There is no doubt that

he addition of, at least the oxidant, greatly impacts the inactiva-

ion kinetics. Also, compared with the levels of enhancement noted

n the PC bottle reactor (130, 45, 8, 5%), the H 2 O 2 ones performed

imilarly (slightly better) but the PMS processes effectiveness in-

reased dramatically. As such, one may attribute H 2 O 2 based en-

ancements in PC reactors which allow more UVB, while PMS-

ased enhancements should be preferred in PET reactors. 

.1.4. 25-L PET jerrycan with Lake Geneva water 

Finally, Fig. 4 summarizes the solar-based experiments that took

lace in the PET Jerrycan, but in Lake Geneva water. The main dif-

erence is the change of matrix, hence the pathways under ques-
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Fig. 5. Results of the E-screen assay in the presence and absence of ICI showing 

the proliferative effect of leachates from PET Jerrycan, PET Coca-Cola and blue poly- 

carbonate following Photo-Fenton (PF), Peroxydisulfate activation (PDS) and Solar 

Disinfection (SODIS) irradiation treatments for 6 h. 
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ion are the changes inflicted by the slightly higher pH (8.3 in-

tead of 8.15), the ions (compared to tap water) and not the UV–

is transmittance of the material. SODIS took place effectively but

as significantly delayed compared to the tap water experiments.

n these experiments, a max. difference of 3 °C was observed, but

ince it is way below the germicidal threshold or the threshold

o activate PMS (40 °C, ( Rodríguez-Chueca et al., 2019 )), we do

ot consider this as an influential factor. The main characteristic

hat differed among the experiments with tap water and lake wa-

er was the organic matter content. Although DOM has been long

ecognized as a source of bactericidal ROS and transient species

 Kohantorabi et al., 2019 ; Vione et al., 2014 ), the dominant effect

f its presence is the light filter ( Ng et al., 2014 ). Most likely, the

bsence of the UVB irradiation due to the PET is of key influence

or the generation of transient species ( Serna-Galvis et al., 2018 ). 

The hv/H 2 O 2 process was severely hampered in lake water. Be-

ides the already discussed loss of HO 

• due to the lack of UVB

rradiation, the small amount of HO 

• generated is diminished by

he inner filter effect of DOM, and the HO 

• are most likely be-

ng scavenged by the DOM itself, as a target ( Vione et al., 2006 ).

he addition of Fe 2 + has a detrimental effect on the efficacy on

he process; although more UVA is available in PET, the lake wa-

er shows a higher absorbance after the addition of Fe, most likely

ia its complexation by DOM and the generation of photo-active

omplexes (Fig. S3). In some works, these complexes have been

xpected to contribute to maintaining the iron in solution and as-

ist the photo-Fenton process ( Giannakis et al., 2016 ; Porras et al.,

018 ; Rodríguez-Chueca et al., 2014 ), and indeed this may happen

ere in a small extent. Nevertheless, the possible higher HO 

• gen-

ration is scavenged by DOM, as shown by the different spectra of

ap and lake water (Fig. S3). 

Surprisingly, the hv/PMS process was not as scavenged as the

v/H 2 O 2 process. This means that the activation of PMS by light,

lthough smaller (hence slower kinetics), continued to generate

O 

• and SO 

•−
4 . Considering that SO 

•−
4 reacts much more slowly

ith DOM compared to HO 

•, this explains why this process could

aintain a high bactericidal efficacy. The addition of Fe 2 + was once

gain found to be detrimental to the hv/PMS efficacy, but not high

nough to hinder the solar-initiated pathways. Hence, the PMS-

ssisted processes are more effective than the respective H 2 O 2 

nes in natural waters; if one compares the kinetics of SODIS with

he attained by the H 2 O 2 -based processes (231 and 141% increase)

r with the PMS-based processes (715 and 538% increase), for the

elected amounts of Fe, H 2 O 2 and PMS, the importance of enhanc-

ng SODIS with either process (H 2 O 2 or PMS-based) is more than

bvious. What is more important, is that the PMS-based processes

ed to even higher enhancements, hence their superiority in PET

eactors with natural waters is verified. 

.1.5. Significance of the disinfection findings 

As a provisional conclusion, similarly to Keogh et al. and Garcia-

il et al., ( García-Gil et al., 2020a ; Keogh et al., 2015 ) we can ver-

fy that both the 19-L PC water cooler bottles and the 25-L PET

errycans are good candidates for SODIS containers, but also, our

ew results prove that they are suitable vectors for solar-based ad-

anced oxidation processes, based on either HO 

• and SO 

•−
4 . The

ifferences between material properties lead to changes in the

athways of bacterial inactivation, but both materials ensured to-

al inactivation in less than 3–4 h (in any matrix), in compliance

ith the 1-day exposure necessities of SODIS, even at high vol-

mes and at modest temperatures. Also, the addition of oxidants

H 2 O 2 , PMS) and Fe 2 + , all enhanced SODIS; the studied oxidative

rocesses were more effective than SODIS, hence the beneficial im-

act of HO 

• and SO 

•−
4 cannot be doubted. Despite the generally

nfavorable conditions, namely i) high pH in our matrices (alkaline

H), ii) the subsequent precipitation of iron and the possible depo-
ition on the wall of the reactors, which may result in lower light

enetration, iii) the passive, convectional mixing only due to tem-

erature gradients, and iv) the heterogeneous catalytic pathways,

he processes were found to be suitable and effective in reducing

he bacterial load. However, before any conclusive recommenda-

ion can be made regarding the suitability of the process and the

aterial selection, the effect of each process on the material must

e assessed. 

.2. Toxicity assays – Plastic leachables 

.2.1. Proliferative effects of leachables following 6 h of irradiation 

The proliferative effects of migrating substances from PETjc,

ETcc and blue PC plastic polymers following 6 h of irradiation

ith SODIS, photo-Fenton and persulfate activation (hv/PDS/Fe 2 + )
eactions are described in Fig. 5 . In order to isolate the effects of

lastic from other potential sources of contamination ultrapure MQ

ater was used and PDS as an exclusive sulfate radical genera-

or was employed instead of PMS. The E-screen assay was carried

ut in the presence and absence of ICI 182,780, an estrogen recep-

or antagonist, to confirm whether any chemicals released under

ODIS, photo-Fenton and PDS activation processes were estrogenic.

Following 6 h irradiation, no significant estrogenic activity was

etected for PETjc pieces for any of the treatments ( Fig. 5 ). Cal-

ulated relative proliferative effect (RPE) values of migrating sub-

tances from PETjc were around 5% for the photo-Fenton treat-

ent, 7% for the PDS activation and 18% for SODIS ( Table 4 ). These

PE values indicated that PETjc samples were very weak or non-

xistent agonists of estradiol and were therefore not estrogenic. 

On the other hand, evidence of estrogenic activity was apparent

n migrating substances from PETcc following 6 h irradiation. Rela-

ive to the negative control PETcc stimulated growth by 153 ± 20%

ollowing SODIS, 239 ± 32% following photo-Fenton conditions and

y 184 ± 23% following a PDS activation process ( Fig. 5 ). The

ata show an increase of approximately 31–86% in proliferation

hen SODIS irradiation treatment was enhanced. These prolifera-

ive effects translate to RPE of 76% for photo-Fenton treatment, 67%

or PDS activation treatment and around 43% for SODIS ( Table 4 ).

hese results suggest that substances released from PETcc act as

artial agonists of the estradiol receptor. 

Migrating substances from the PC bottle stimulated growth by

51 ± 42% following SODIS for 6 h ( Fig. 5 ). However, this was

ot significantly different from the negative control. Substances re-

eased from PC after 6 h photo-Fenton and PDS activation reactions

timulated proliferation by 190 ± 29% and by 164 ± 4% respec-

ively. The substances migrating from PC after 6 h of photo-Fenton
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Table 4 

Relative Proliferative Effects (RPE%) expressed as the mean ± standard deviation 

and Estradiol Equivalents (EEQ ng/L) of leachates from PET from a 25 L Jerrycan 

(PETjc), PET from a Coca-Cola bottle (PETcc) and the blue Polycarbonate bottle 

(PC) following various irradiation conditions. Green: non-estrogenic activity. Orange: 

weak/partially estrogenic. Red: estrogenic. Blue: safe for human consumption (accord- 

ing to ( Kuch et al., 2010 )). (For color refer to the online version.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

≥  

s  

i  

t  

t  

S  

t  

a  

t  

t

6  

w  

d

 

e  

o  

t  
irradiation treatment had RPE of approximately 81% which implies

that these released substances act as partial/total agonists of the

estradiol receptor ( Table 4 ). On the other hand, substances migrat-

ing from PC after 6 h of PDS activation triggered an RPE of 49%

which suggests they are weak/partial agonists of the estradiol re-

ceptor ( Table 4 ). 

3.2.2. Proliferative effects of leachables following 7 days of irradiation

Evidence of time-dependent estrogenic activity of chemicals re-

leased from PETjc after 1 week of irradiation was shown. Relative

to the negative control, PETjc leachates after 1 week of SODIS-

stimulated growth by 210 ± 21%. Interestingly, no further increase

in proliferation was observed when SODIS was enhanced. The

substances released after 1 week under photo-Fenton irradiation

and PDS activation stimulated proliferation by 216 ± 18% and by

244 ± 36%, respectively ( Fig. 6 ). The RPE values of the leachates

from PETjc polymer after 1 week under irradiation treatment were
Fig. 6. Results of the E-screen assay in the presence and absence of ICI showing 

the proliferative effect of leachates from PET from a 25-L Jerrycan (PETjc), PET from 

a Coca-Cola bottle (PETcc) and the blue Polycarbonate bottle (PC), following Photo- 

Fenton (PF), Peroxydisulfate activation (PDS) and Solar Disinfection (SODIS) irradia- 

tion treatments for 1 week. 
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80% which indicated a strong estradiol agonistic effect of the

amples ( Table 4 ). Also important to note here, is that prolonged

rradiation of PETcc for a week did not significantly enhance es-

rogenic activity when compared to the levels of estrogenicity de-

ected following 6 h irradiation of the samples. However, enhanced

ODIS conditions with PETcc led to a 41–43%% increase in prolifera-

ion. Estrogenic activity of migrating chemicals from PETcc released

fter 1 week under SODIS, photo-Fenton and PDS activation condi-

ions were 139 ± 7%, 180 ± 26% and 182 ± 23% respectively rela-

ive to the control ( Fig. 6 ). RPE values between approximately 33–

7% indicate that the leachates released from the PETcc after one

eek of irradiation treatment act as partial agonists of the estra-

iol receptor. 

Evidence of time-dependent estrogenic activity was also appar-

nt in PC leachables. Prolonged irradiation of PC over the course

f 1 week enhanced estrogenic activity when compared to the es-

rogenic activity of the samples irradiated for 6 h. Estrogenic activ-

ty of released substances from blue PC under SODIS, photo Fenton

nd PDS activation were 216 ± 21%, 221 ± 21% and 238 ± 7% re-

pectively relative to the control ( Fig. 6 ). The RPE values of the PC

rradiated for 1 week were ≥ 80% ( Table 4 ), meaning that they are

trong estradiol agonists. Moreover, PC leachates from advanced

xidative processes were above 100% indicating an estrogenic af-

ect more potent than the one exerted by the positive control

stradiol. Co-incubation of all leachates with ICI had a negligible

ffect on growth compared with the negative control confirming

he presence of estrogenic leachables (see Fig. 6 ). 

.2.3. Estradiol equivalents (EEQs) 

Estradiol equivalent values (EEQs) were calculated for all

eachates that showed an increased proliferative effect to bench-

ark water in terms of acceptable daily intake limit of β-estradiol

et by JECFA (20 0 0) ( Table 4 ). EEQ values calculated from the dose-

esponse curve of 17 β-estradiol were corrected for the concentra-

ion factor used. Since water samples were concentrated 10,0 0 0-

old via SPE and diluted 100-fold in the E-screen the final con-

entration factor for every sample was 100. Derived EEQs were re-

orted as ng/L. The values calculated ranged from 0.008 – 5.9 ng/L.
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Following 6 h irradiation, the EEQ values for the samples from

he blue polycarbonate polymer (PC) were in the order of 0.03–

.57 ng/L and were the highest values obtained for all three plas-

ics. EEQ values for the PETjc samples were 10 3 to 10 6 times lower

han 1 ng/L while the EEQ values for PETcc samples were greater

han the values for the PETjc and were in the order of 0.03–

.42 ng/L. 

Following 1 week of irradiation, the EEQ values for the PC sam-

les were in the order of 1.3–5.9 ng/L and were again the high-

st values obtained for all three plastics for that period of irradi-

tion. EEQ values of the PETjc samples were in the order of 0.6–

.5 ng/L while the EEQ values for PETcc samples were in the or-

er of 0.008–0.2 ng/L and unlike following 6 h of irradiation were

ower than the values obtained for the PETjc. 

Assuming a 3.5 kg baby consumes 0.52 L water through breast

ilk, the daily consumption of estradiol from the PDS-irradiated

ater (sample having the highest EEQ value) would be 0.9 ng/kg

f body weight. The corresponding value for an adult of 65 kg that

rinks 2 L of water per day would be 0.2 ng/kg of body weight.

ll values calculated were within the ADI range (0–50 ng/kg body

eight) of estradiol recommended by the JECFA ( World Health Or-

anization, 2006 ). 

.2.4. Mutagenicity of leachables 

No mutagenicity was detected for any sample when tested us-

ng the Ames test as no value obtained showed a clear fold induc-

ion ≥2 above the baseline value ( Table 5 ). 

.2.5. Significance of the toxicological findings 

Known substances and unknown NIAS can migrate from plas-

ics in contact with water and so testing the overall migrate us-

ng in vitro tests offers a pragmatic and cost-effective approach

o toxicity testing. In vitro toxicity testing performed with FCMs

as focused on 3 main types of toxicity, namely cytotoxicity, geno-

oxicity, and endocrine activity ( Groh and Muncke, 2017 ). In this

tudy, genotoxicity was tested using the Ames test and endocrine
Table 5 

The results of the Ames test for leachables from PETjc (JC), PETcc (CC) and blue polyc

test used the strains S. typhimurium TA98 and TAMix with ( + ) and without (-) S9. Resu

deviation. 

Duration Plastic Polymer Irradiation Treatment 

CONTROLS Control 

Positive control 

1-day test JC Photo-Fenton (hv/H 2 O 2 /Fe 2 + ) 
PDS activation (hv/PDS/Fe 2 + ) 
SODIS (hv alone) 

Dark control 

CC Photo-Fenton (hv/H 2 O 2 /Fe 2 + ) 
PDS activation (hv/PDS/Fe 2 + ) 
SODIS (hv alone) 

Dark control 

PC Photo-Fenton (hv/H 2 O 2 /Fe 2 + ) 
PDS activation (hv/PDS/Fe 2 + ) 
SODIS (hv alone) 

Dark control 

1-week test JC Photo-Fenton (hv/H 2 O 2 /Fe 2 + ) 
PDS activation (hv/PDS/Fe 2 + ) 
SODIS (hv alone) 

Dark control 

CC Photo-Fenton (hv/H 2 O 2 /Fe 2 + ) 
PDS activation (hv/PDS/Fe 2 + ) 
SODIS (hv alone) 

Dark control 

PC Photo-Fenton (hv/H 2 O 2 /Fe 2 + ) 
PDS activation (hv/PDS/Fe 2 + ) 
SODIS (hv alone) 

Dark control 
ctivity was determined using the E-screen assay. The study by De

usco et al. in 1990 was among the earliest investigations for the

resence of toxins in bottled water ( De Fusco et al., 1990 ). They

tudied the leaching of mutagens into mineral water from PET bot-

les using the Ames test following short and long-term storage in

ight and dark. The results identified leaching of mutagens after 1

onth of storage but not after 3 or 6 months of storage. The mu-

agenic activity detected in the water stored for 1 month in PET

as higher after storage in daylight compared with storage in the

ark. Since then, a number of similar studies have been carried out

 Bach et al., 2014 , 2013 ; Monarca et al., 1994 ; Ubomba-Jaswa et al.,

010 ). As was the case in this study, no mutagenicity was reported

n any of these studies, with the exception of that by Ubomba-

aswa et al. ( Ubomba-Jaswa et al., 2010 ). However, in their study,

hile genotoxicity was detected after 2 months in water stored in

ET bottles and exposed continuously (without refilling) to sun-

ight, toxicity was also detected in PET bottles stored in the dark

fter 2 months making it unlikely that the genotoxicity was related

o solar treatment. 

A number of studies have suggested the presence of en-

ocrine disruptors in PET-bottled water as well as most plastics

sing the E-screen including Wagner and Oehlmann ( Wagner and

ehlmann, 2011 ) and Yang et al. ( Yang et al., 2011 ). The E Screen

ioassay, also known as the MCF-7 cell proliferation bioassay, was

he first in vitro bioassay developed for screening estrogenic ac-

ivity. It measures cellular estrogen-dependent proliferation of the

CF-7 human breast cancer cell line. While no mutagenicity was

etected in this study, levels of estrogenicity were detected in

ome samples. In the case of the SODIS process, no significant lev-

ls of estrogenicity were detected for the PETjc plastic following

 h irradiation. However, partial estrogenicity was detected for the

ETcc and weak estrogenicity was detected for the PC plastic when

ested for the same period of time. Differences in results obtained

or different PET plastics has been attributed to different sources

f manufacture for the plastic ( Groh and Muncke, 2017 ). Another

ifference between the PET plastics used in this study was the age
arbonate (PC) following 6 h and 1 week of different irradiation treatments. The 

lts were reported as the mean of the fold induction over the baseline ± standard 

TA 98 TA 98 TA mix TA mix 

( + S9) (-S9) ( + S9) (-S9) 

3.34 ±1.17 3.42 ±1.03 1.9 ± 0.7 2.78 ±1.3 

41.53 ±1.93 45.87 ±2.59 23.06 ±1.16 40 ±2.87 

0.33 ±1.53 0.62 ±3.21 0.55 ±1.00 1.00 ±1.00 

1.00 ±1.00 0.80 ±0.58 0.70 ±1.53 0.32 ±1.53 

0.82 ±1.53 1.00 ±2.00 1.00 ±0.00 0.44 ±0.58 

0.20 ±0.00 0.49 ±2.08 0.67 ±0.58 1.33 ±0.58 

1.00 ±1.00 0.44 ±0.58 0.55 ±1.00 0.67 ±0.58 

1.67 ±1.15 0.69 ±1.73 0.52 ±0.00 0.56 ±1.53 

0.23 ±0.58 0.17 ±0.58 0.12 ±0.58 0.56 ±1.15 

0.60 ±1.00 0.14 ±1.15 0.33 ±0.58 0.67 ±2.31 

0.83 ±1.53 0.36 ±1.53 1.00 ±0.00 2.67 ±1.53 

1.33 ±1.15 1.15 ±0.58 0.35 ±0.58 0.32 ±1.53 

0.58 ±1.53 1.00 ±2.00 0.12 ±0.58 0.56 ±1.53 

0.47 ±1.53 0.28 ±0.58 0.67 ±0.58 0.50 ±0.00 

0.50 ±2.00 0.80 ±3.00 0.55 ±1.00 1.33 ±0.58 

1.50 ±1.00 0.46 ±0.58 0.35 ±0.58 0.24 ±1.00 

0.82 ±1.53 0.17 ±0.58 1.00 ±0.00 0.67 ±1.00 

0.53 ±0.58 0.42 ±1.73 0.17 ±0.58 0.83 ±0.58 

0.17 ±0.58 0.27 ±1.00 0.18 ±0.58 1.67 ±2.08 

1.17 ±0.58 0.46 ±1.53 0.17 ±0.58 0.48 ±1.00 

0.23 ±0.58 1.17 ±2.31 0.35 ±1.00 0.44 ±1.53 

0.20 ±1.00 0.28 ±0.58 0.33 ±0.58 1.50 ±1.00 

0.33 ±0.58 0.27 ±1.00 0.37 ±0.58 2.33 ±1.15 

1.33 ±2.08 0.69 ±2.00 0.17 ±0.58 0.40 ±0.58 

0.35 ±1.00 1.33 ±0.58 0.47 ±0.58 0.33 ±1.00 

0.40 ±0.00 0.35 ±0.58 0.33 ±1.15 1.50 ±0.00 
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of the plastic. While the PETjc plastic was new, the PETcc plastic

while of food grade was not new. Andra et al. found that the great-

est contributor to the release of chemicals from PET and PC was

the number of times the container was used ( Andra et al., 2011 ). 

In recent times, interest has grown in using plastics other than

PET in the SODIS process. Fisher et al., investigated the use of 1-L

polycarbonate bottles ( Fisher et al., 2012b ), while Keogh et al. car-

ried out comparative studies of the bacterial inactivation efficacy of

19 L polycarbonate water dispenser containers similar to that used

in this study ( Keogh et al., 2015 ). In their review, Borde et al. con-

sidered the challenges faced using large plastic bottles such as wa-

ter dispensing containers made of polycarbonate in SODIS studies

including the fear of leaching from the plastic container into the

water ( Borde et al., 2016 ). Bisphenol-A (BPA) is an additive used in

the manufacture of PC and is a known weakly estrogenic endocrine

disruptor. The PC container used in this study like the PETcc was

also reused plastic and leaching of BPA from reusable PC drink-

ing bottles has been previously reported ( Kubwabo et al., 2009 ).

Another distinguishing feature of the PC plastic was its blue color.

Colorants are among the additives that can be used in plastic man-

ufacture. In nearly all cases, additives are not chemically bound

to the plastic polymer ( Hahladakis et al., 2018 ), and so could be

leached under abnormal conditions. 

Furthermore, no significant estrogenicity was detected for the

AOP processes carried out for 6 h in PETjc, however, increases in

the levels of estrogenicity were detected for the AOPs for both the

PETcc and the PC plastics. We are not aware of any toxicity stud-

ies on similar AOPs, however in their study on the effect of reactor

material and its reuse on the photo-Fenton process, Varón-López

et al. ( López et al., 2017 ) found improved disinfection using photo-

Fenton in reused PET reactors which they attributed to additional

ROS produced by material degradation. They questioned the stabil-

ity of PET after continuous exposure to a highly oxidative process

such as photo-Fenton and suggested that toxicity testing be carried

out on such systems to evaluate the safety of the water. 

Concerning the disinfection methods used, the increase in es-

trogenicity was greater for the photo-Fenton process than for per-

sulfate activation. This trend mirrored the bacterial disinfection ki-

netics obtained under similar environmental conditions of temper-

ature and water composition suggesting that the HO 

• radicals had

a more pronounced affect on leaching than the SO 

•−
4 radicals. In

our study, the levels of estrogenicity detected following 6 h incu-

bation for PETcc and PC were significantly higher than those de-

tected for PETjc. The amount of plastic used in the tests replicated

the plastic to water ratio in the original vessel suggesting that the

ratio of plastic to volume of water treated also plays a role. 

When the time of solar treatment was extended beyond the

normal exposure time to seven continuous days of irradiation all

three plastics showed estrogenicity. The levels of estrogenicity de-

tected were determined not to be a threat to human health. Nev-

ertheless, these preliminary findings indicate the need for further

toxicity studies of these AOPs. This study was designed to inves-

tigate a worst-case scenario by immersing pieces of plastic in the

water. Future studies should investigate water samples taken from

operating reactors and consider the effect of varying environmen-

tal conditions including the water matrix on toxicity. The study of

mutagenicity and estrogenicity is very relevant when using plastic

reactors for solar disinfection. However, detection of toxicity using

these bioassays should be followed up with chemical analysis in

order to identify the toxic substance and its concentration. 

Recent long term ( > 12 months) field studies in Malawi of 20 L

polypropylene transparent SODIS buckets ( Morse et al., 2020 ; Polo-

López et al., 2019 ) have shown that those portions of the SODIS

container that remain out of contact with the water stored inside

(e.g. near the upper rim), deteriorate at a faster rate than those

portions of the container that remain in more sustained contact
ith the stored water (e.g. nearer the base of the bucket). The pos-

ibility that the risk posed from photo-degradation products varies

ith container geometry merits further study. 

. Conclusions 

As the needs for higher quantities of safe water in rural and

eri–urban communities in sunny and developing countries grows,

he assessment of cheap large-scale reactors for SODIS implemen-

ation and its enhancement is a necessity. From the results of this

ork we can draw the following conclusions: 

• SODIS took place effectively in both tested materials (PC or

PET), and the real water matrices were completely disinfected

(5-log units). This effect took place much earlier than the envi-

sioned time of exposure to solar light in the field, despite the

water matrix constituents, basic pH and organic matter pres-

ence, even in a more unfavorable geographic latitude (Switzer-

land) than the usual SODIS applications. 
• Both enhancements (H 2 O 2 and PMS, with or without Fe 2 + )

were highly effective and halved (or more) the necessary expo-

sure time to achieve complete disinfection. Hence, the choice of

the method would ultimately be affected by the reagent costs

and availability in the region of application. Nevertheless, H 2 O 2 

and photo-Fenton are favored in PC bottles due to the UVB por-

tion transmitted in the reactor and PMS-based enhancements

thrived in PET reactors where visible light was transmitted in

higher proportions. 
• Since the temperature was kept low ( < 36 °C) in all tests, the

necessity to increase the temperature in order to effectively

eliminate bacterial pathogens by SODIS is now proven sec-

ondary. However, this has to be very cautiously generalized to

other pathogens (e.g. viruses, Cryptosporidium), pending fur-

ther testing. 
• Generally, PC was found to leach slightly more estrogenic com-

pounds than PET. Also, if we classify the disinfection methods

in a tentative order of risk, we get SODIS < PDS < photo-Fenton,

for short term testing and SODIS < pF < PDS after 1 week. The

difference is attributed to the type and progression of the ox-

idative attacks by sulfate vs. hydroxyl radicals. 
• Despite the apparent increase in estrogenic compounds, none of

the materials and none of the processes led to the generation

of dangerous amounts of leachables, when average daily drink-

ing water intake was considered. In addition, no mutagenicity

was noted. Although these constitute very encouraging results,

further testing of materials and treatment methods should be

considered. Also, if the water is destined for immediate con-

sumption, besides the materials effect, the need to assess the

residual effects of oxidants’ addition should not be overlooked. 

In conclusion, we propose that solar-based enhancements

hould be further assessed as improvements of drinking water

uality, since bacteria can be eliminated, and oxidative processes

uch as photo-Fenton and persulfate are known to reduce natu-

al organic matter loads. Although SODIS still remains the most

ost-effective, sim ple, and reliable technology, their compatibility

ith methods providing larger than the typical 2-L SODIS volumes

akes them a great ally in the supply of safe drinking water at

arger or community level scale. 
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