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Abstract

Abstract

The present Thesis deals with the solar disinfection of synthetic secondary effluent under laboratory
controlled conditions, focusing on the post-irradiation bacterial regrowth. The influence of various internal
and external factors and their effect on solar disinfection, as well as bacterial regrowth kinetics are the
subject under question. With the aid of a common fecal indicator microorganism, the effects of light
intensity, temperature, initial bacterial concentration, light energy (wavelength), manner of delivery
(continuous-intermittent) were investigated. Also, the post-treatment events, such as dark repair,
photoreactivation and the survival in natural water matrices were assessed, along with the use of technical
means (flow photoreactors with recirculation) and advanced oxidation processes (photo-Fenton and
sonication) for regrowth risk minimization. The findings provided valuable output, conclusions on the
suitability of solar irradiation as a secondary wastewater disinfection technique, indicating the limitations

of its applicability, the considerations on the treatment specifications and its environmental perspectives.

MepiAnyn

H moapovca Awbaktopikn Awotpipf wpoypatedetal v amoAduavor degvtepofdduio eneepyacuévmy
TEYVNTOV AVUOTOV VIO EAEYYOUEVEG OULVONKEG, HEAETMOVTOG TO QUIVOUEVO TNG emovovamtuéng /
EMOVEUPAVIONG TOV UKPOOPYOVICUDV LETA TNV 0KTIVOPOAIN TV AVUATOV. AVTIKEIEVO TNG Elvan 1| HEAETN
NG EMOPAOTG LIOG EVPELNG YKAUOG EVOOYEVDV KOl EEDYEVAOV TOPAYOVIMY TOGO KOTO TNV SlodtKacio TG
ATOADUOVOTC, OGO KOl OTNV KIVNTIKN ToV Poaktnplokod mAnfucuod. Me ) ¥pnon Kowdv opyavioumv
SEIKTOV KOTPAVMDIOVG LOAVVOTG, LEAETNONKE 1) EMIdpaon TOL apyKoL PakTnplokod TANBucUov, 1) £vioon
K0l TO UNKOG KOUATOG TG aKTvoPfoAing, 1 Oeprokpacio amoAdLOVGNG KOl O TPOTOG TOPOYNSG TOV PMTOG
(ovveyns-acvveyng) Katd tnv dwdikacio. MekemOnkay axdpa ta eavopeva mov Aappdvovy ympo Petd
NV axTvoBoiic, OTMG TO OIVOUEVO TNG EMAVAVATTUENG TOL PoKTnplaKkod TANBVoUOY 6TO GKOTAdL, M
OOTo-emdO0pHwon kot 1M eMPIOOTN TOV LKPOOPYOVICU®Y GE QUOIKO VEPA WETA TNV OoKTVOPOAid.
Ategpgovnnke t€log 1 duvatdTNTA YPNONG AVTIIOPACTHP®Y GUVEXOVS PONG LE ETOVOKLKAOPOPIQ Kol O
GLVOLOCUOG EPOPLOYIS TPOYOPNUEVEOVY HEBOdWY 0&eidmong (avTdpactiplo photo-Fenton) pe viepryovg,
OTOXEVOVTAG OTNV  €AOYIOTOTOINGT NG MOOVOTNTAG EMOVOVATTLUENG TV  puKpoopyavicpuodv. Tao
amoTeELEC AT KOTEOEIENY EVOEDEYIEVEG TPOKTIKES EPAPIOYNG, CUUTEPAGLLOTA Y10 TV KOTAAANAOTTO TNG
nMokng  aktvoPoriog ¢  ueBddov  amoivuaveng  dsvtepoPdOuta  emefepyocuévav  Avpdtov,

TPOPANUATIGHOVG OGOV OPOPA TIG TEYVIKES AETTOUEPELES KO TEPIPOAAOVTIKEG AVNGUYIES.
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Resum

Aquesta tesi tracta de la desinfeccié d’un efluent secundari sintétic mitjancant llum solar en condicions
controlades de laboratori, centrant-se en el recreixement dels bacteris després de la irradiacid. La influencia
de diversos factors interns i externs i el seu efecte en la desinfeccié solar, aixi com la cinética del
recreixement bacteria son els temes estudiats. Amb I’ajuda d’un microorganisme indicador comu de
contaminaci6 fecal, es van investigar els efectes de la intensitat de la llum, de la temperatura, de la
concentraci6 inicial de bacteris, de I’energia lluminosa (longitud d’ona) i de la seva forma d’aplicacio
(continua o intermitent). També es van estudiar els esdeveniments del posttractament, com son la reparacio
en foscor, la fotoreactivacid i la supervivéncia en matrius naturals, aixi com 1’4s de recursos técnics
(fotoreactors amb recirculacid) i processos avangats d’oxidacié (photo-Fenton i sonicacié) per minimitzar
el risc de recreixement. Els resultats obtinguts han permés formular conclusions valuoses sobre la idoneitat
d’utilitzar la radiacid solar com a técnica secundaria de desinfeccidé d’aiglies residuals, indicant les
limitacions de la seva aplicacid, les consideracions sobre les especificacions del tractament i les seves
perspectives ambientals.

Resumen

En la presente Tesis doctoral se estudia la desinfeccion solar de un efluente secundario sintético en
condiciones controladas de laboratorio, centrdndose en el recrecimiento bacteriano después del tratamiento
de irradiacion. La influencia de diversos factores tanto internos como externos y sus efectos sobre la
desinfeccion solar, asi como el recrecimiento bacteriano son el tema principal de esta investigacion.
Empleando un microorganismo indicador fecal comun, se investigaron los efectos de la intensidad de la
luz, la temperatura, la concentracion bacteriana inicial, la energia de la luz (longitud de onda) y la forma de
suministro (continua-intermitente). Asimismo, se evaluaron los eventos posteriores al tratamiento, tales
como la reparacion oscura, la fotorreactivacion y la supervivencia en matrices acuosas naturales, asi como
el uso de medios técnicos (fotorreactores de flujo con recirculacion) y procesos de oxidacién avanzada
(foto-Fenton y sonicacion) para mitigar el riesgo de recrecimiento. Los hallazgos proporcionaron valiosos
resultados, conclusiones referentes a las aplicaciones préacticas, conclusiones sobre la adecuacion de la
irradiacién solar como técnica de desinfeccién de aguas residuales secundarias, con indicaciones a las
limitaciones de su aplicabilidad, consideraciones sobre las especificaciones del tratamiento y sus

perspectivas ambientales.
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Wise words to live by

“It may be just “crap” to you, but it’'s my bread and butter.”

Stanley Falkow, Father of Molecular Bacterial Epidemiology
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a specific agreement between Aristotle University of Thessaloniki and Universitat Politecnica de
Catalunya. This program was an initiative under the aegis of the Mediterranean Office for Youth
Programme (MOY, call 2011-2014) resulting in joint supervision and separate PhD title from the two

universities.
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Its specific interest lies in the application of cheap, and environmentally friendly techniques of wastewater
disinfection. The utilization of solar light provides a promising candidate for application, especially in
sunny areas, or developing countries. Specifically, the disinfection of secondary effluent by solar irradiation
is investigated, aiming to eliminate the potential risk of bacterial regrowth. The main effects of the involved
parameters, as well as the possible mechanisms of regrowth appearance are in question, and the conclusions

can influence the design and parameterization of relevant disinfection applications.

For the fulfillment of the targeted work, this thesis took place in three different countries, Greece, Spain
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completion of this work and whose contribution should be acknowledged.
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through piles of documents to make the joint Doctorate possible; the restless support through all the rough
patches all these years. The difficulties he has been through of keeping me guided, by supervising the
experimental work, giving me invaluable input on the results, it all made me feel that | could really rely on
his experience to get me through this task. But most importantly, for doing everything possible and
impossible, to help achieve my every academic ambition. Special thanks should also be attributed to Prof.
Margaritis Vafeiadis and the LEEP staff, Mrs. Domniki loannidou and Mrs. Anastasia Bellou, for their

support during the first years of my studies.
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The Mediterranean office for Youth initiative was warm welcomed by UPC, and Prof. Santiago Gasso

Domingo. The orientation and support, especially during the first months in Terrassa, the arrangements for
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second, only in order of appearance, Thesis supervisor, Prof. Antoni Escalas-Cafiellas. Personally, | do not
believe | can ever appreciate enough the contribution, as my free academic character and investigative
perspectives were carefully shaped in a researcher with goals under his guidance. Always honest, with
decisive contribution, his role was critical in the final outcome, and I cannot thank him enough for that.
Finally, I would like to thank my Thesis Proposal Examination Panel (Prof. Marti Crespi Rosell, Prof. Jordi
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for the evolution of the work.
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Excellence Scholarships and along with them, real opportunities. | would also like to thank Prof. Christian

Pétrier, for his guidance through the experimentation and publication period.
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Chapter 1. Introduction

Chapter 1.
Introduction

Municipal wastewater contains a variety of microorganisms, able to pollute the receiving water bodies if
not properly treated. From the health point of view, municipal wastewater contains bacteria, viruses and
other microorganisms (Drinan, 2001), with many of them being pathogenic to the human species. Even the
secondary treated effluent from municipal wastewater treatment plants contains from thousands to tens of
thousands of fecal coliforms per 100 mL. This makes secondary effluent potentially harmful, often
unsuitable for discharge or for some reuse applications, according to the regulations in several countries.
Many microorganisms are harmless when they are inserted in the environment (Avery et al., 2008), but the
limits set by the World Health Organization (WHO, 2006) for water discharge impose further inactivation
prior to release. So, further treatment to remove or inactivate the pathogens is often needed in order to reach

the limit values set in national or international regulations.

One of the most common methods of microorganism removal is chemical disinfection, usually through
chlorine or other disinfectants, such as ozone, peracetic acid (PAA), or other chemicals or their
combinations. Although these methods are highly efficient, their use is linked to safety operational issues
or to the formation of harmful disinfection by-products (DBPs) (White, 2010). Furthermore, although this
practice prevents a significant number of water-related diseases in around the world, the affordability of
chemical disinfection has to be put under question for many areas in developing countries. Hence, research

was turned to cheaper, while environmentally acceptable solutions.

In this framework UV disinfection was studied extensively over the years, as an environmentally friendly
sterilization technique. The utilization of monochromatic low-pressure UVC lamps and polychromatic
medium pressure ones causes alterations in the genome structure of microorganisms and yield significant
results (Hijnen et al., 2006). Solar light, on the other hand, has demonstrated disinfecting capabilities, due
to the action mode of UVB and UV A wavelengths. For drinking water, it has been greatly used as a practice
in developing countries (McGuigan et al., 2012) and the application in form of ponds for wastewater
treatment has also been investigated in tropical latitude (von Sperling, 2005). The aforementioned regions

coincide with the higher number of sunny days per year and therefore are ideal candidates for such practices.

However, both UVC and solar UV disinfection share a shortcoming; unlike the chemical methods for
disinfecting wastewater, they lack residual activity, and when the exposure is over, there is no disinfecting
action (White, 2010). Many microorganisms (e.g. bacteria, viruses) have demonstrated a capability to mend
the damages in their cell through several mechanisms, after the end of the exposure to UV (Cleaver, 2003).
This process is called reactivation and results in regrowth of the population. The main two mechanisms are
the light mediated one and the dark process, namely photoreactivation and dark repair. The difference

underlies in the manner of activation of the enzyme capable of repairing the lesions.
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Wastewater is a rich in nutrients matrix which could support microbial growth, and given the time treated
water could spend in the dark, due to the storage times potentially required to further use, regrowth is
rendered as a primary problem. Regrowth of bacteria in the natural environment could possibly mean a re-
contamination of downstream water supplies or coastal areas. According to the type of receiving water

body and conditions during discharge, there is different response expected.

While several studies have been made concerning SODIS of drinking water and the optimal conditions
have been set long ago, the parameterization of solar disinfection of wastewater has been only partially
studied. There is a significant gap of a systematic study focusing on the conditions of solar disinfection and
the manner they affect the disinfection of water. Even more, contrary to UVC disinfection of water and
wastewater, the problem of bacterial regrowth after solar disinfection of wastewater has been sparsely

studied, and specifically, how the disinfection conditions are affecting the subsequent regrowth.

This Thesis focuses on some of the aspects concerning solar disinfection of (synthetic) secondary effluent,
and the subsequent bacterial regrowth, through the most common pathways of photoreactivation and dark
repair. Commonly involved parameters like solar light intensity or water temperature are systematically
assessed, and the post-irradiation events are considered, focusing on bacterial regrowth in a variety of
following conditions. A review on the scientific subjects relevant to the context of this research prior to the

results’ presentation is elaborated.
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1.1. Solar disinfection

The utilization of sun’s rays is one of the oldest recorded methods of water purification, dating back to at
least 2000 BC in the Sanscrit text ‘‘Oriscruta Sanhita’’ (Patwardhan, 1990). However, it is only in more
recent times that the underlying scientific basis of this approach has been established (Acra et al., 1984,
Acra et al., 1989). For example, photocatalysis was first shown to be an effective sterilization process by
Matsunaga et al. (1985), who reported on the killing of L. acidophilus, S. cerevisiae and E. coli (Dalrymple
et al., 2010). Solar water disinfection (SODIS) is a simple, environmentally sustainable and low cost point
of use treatment for drinking water in developing countries with consistently sunny climates under
circumstances in which people had no access to alternative water treatment systems (Gelover et al., 2006).
The simplest practice of SODIS is performed by filling transparent plastic PET bottles with contaminated

water followed by exposure to sunlight for some hours, in order to inactivate the microbes (Reed, 2004).

Sunlight is able to inactivate microorganisms due to the synergistic effect of the UV and heating of water
by infrared radiation. UV wavelengths which reach the earth’s surface are classified as UVA (320-400nm)
and UVB (290- 320nm) (Rincon and Pulgarin, 2004a). Solar disinfection is based on the bacteriostatic
effect of the UVA solar radiation (wavelength 320-400nm) as well as in the presence of dissolved oxygen,
as it plays an important role in killing the pathogens: sunlight produces highly reactive forms of oxygen
(oxygen free radicals and hydrogen peroxides) in the water. These have a significant effect on water
sterilization by this process (Gelover et al., 2006). In contrast, UV-B radiation can cause direct DNA
damage by inducing the formation of DNA photoproducts, of which the cyclobutane pyrimidine dimer
(CPD) and the pyrimidine (6—4) pyrimidinone (6—4PP) are the most common. The accumulation of DNA
photoproducts can be lethal to cells through the blockage of DNA replication and RNA transcription (Harm,
1980; Britt, 1996; Rincon and Pulgarin, 2004a).

The mechanism is described briefly as by a partial decomposition of the outer membrane, followed by
disordering of the cytoplasmic membrane, resulting in cell death (Sunada et al., 2003). Vital cellular
functions like the transcription and translation apparatus, transport systems, amino acid synthesis and
degradation, respiration, ATP synthesis, glycolysis, the TCA cycle, chaperone functions and catalase are
targeted by UVA irradiation (Bosshard et al., 2010a).

1.1.1. General considerations
Previous research by the SODIS foundation has expressed their concern about some parameters affecting

the SODIS procedure for drinking water in plastic bottles, including (Sodis Fundacién, 1998):

1. The minimum irradiation time under clear sky required to eliminate 10° E. coli/100 mL (5 h or a
555 Wh/m? dose),
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2. Container types and materials recommended for the disinfection (transparent PET bottles),

3. The influence of the bottle aging (their loss of light transmittance with extended use),

4. The possible presence of photoproduct precursors, that could affect the quality of water during
disinfection,

5. The most favorable geographic area for the use of solar disinfection (up to 35° of latitude north or
south),

6. The effect of seasons and weather (the intensity of solar radiation varies with the time of the day,
date, geographic location and weather),

7. The influence of water quality and depth (turbidity <30 NTU and a maximum water layer of 0.1
m),

8. The lack of bacterial and viral regrowth,

9. The increase in the methods’ efficiency when the bottles’ lower half (lengthwise) is painted black.

Other factors such as bacteria type, growth phase, water pH, turbidity and presence of ions or other
pollutants might dramatically affect the results (Villén et al., 2006). For instance, fast-growing cells were

more sensitive to the stresses than slow-growing cells (Saitoh and EI-Ghetany. 2002).

1.1.2. Action mode of solar disinfection

i) Optical Inactivation
Although sunlight may cause direct damage to biomolecules, it is more common for solar UV and visible

light to cause indirect damage, being absorbed by photosensitizer molecules (endogenous, like porphyrins,

or exogenous, synthetic ones), which are then raised to an excited state (Reed, 2004).

An excited photosensitizer may then react directly with cellular biomolecules (type | reaction), or more
commonly, with molecular oxygen (type Il reaction). The type Il, briefly described, leads to the production
of various reactive oxygen species (ROS) including singlet oxygen, superoxide and hydroxyl radicals, along
with hydrogen peroxide. ROS generated by solar irradiation will then react with cellular constituents,
including DNA, proteins and cell membrane components of the outer surface, leading to the inactivation of

the cell because of the alterations in membrane permeability (Reed, 2004).

ii) Thermal inactivation
The infrared region of light is mainly responsible for the temperature increase and the subsequent

inactivating action (Reed, 2004). For instance, Blaustein et al., (2013) have mentioned the lethal effect of
temperature on bacterial kinetics as it is increased, by the denaturation of cells’ proteins and other vital
components; as SODIS has been applied in bottles, the lethal temperature range is a desired target. Also,
heating water up to a temperature of 65°C and exposing the water sample to direct solar radiation for 2 to
3 h at the same time could be an alternative to thermal treatment with solar rays (Saitoh and EI-Ghetany.
2002).
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iii) Interaction between optical and thermal effects
Several research studies have reported a synergy between optical and thermal inactivation (e.g. McGuigan

et al., 1998). Temperatures around 45°C offer also solid ground for synergistic effect, along with the
radiation (Gelover et al., 2006). Also, it was suggested that the backs of solar disinfection containers should
be painted black, to increase the thermal effect (Sommer et al., 1997, Wegelin and Sommer, 1998).
Inactivation of E. coli can be enhanced by a factor of almost two-fold by adding an aluminum foil backing
to the containers to reflect UV and visible light, thereby enhancing the optical component of the process
(Kehoe, 2001).

The difference between the two alterations of the methods is that absorptive, black-backed containers might
be expected to give the best effects in full-strength sunlight, where thermal effects are likely to raise the
water temperature to 45°C and above, whereas reflective, foil-backed containers might be more effective
in suboptimal sunlight and cloudy conditions, where thermal effects will be greatly reduced and where

optical (UV-mediated) inactivation is most important (Dalrymple et al., 2010).
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1.2. Parameterization of solar disinfection

1.2.1. Light quality and intensity

When it comes to field-scale real-water or wastewater disinfection applications, one of the most crucial
factors is the availability of light (Fabriccino and d’Antonio, 2011). In some cases, areas with poor water
supplies are provided with a large number of sunny days per year (more than 3000 hours) (Blesa and L.itter,
2007), but for instance, solar-UV power is dependent on the clarity of the sky and the absence of clouds.
The solar-only disinfection is very susceptible to changes in solar irradiation, and therefore, only takes

place at higher irradiation intensities (Sichel et al., 2007).

There is a general consensus that effective solar disinfection requires around 3-5 hours of strong sunlight
at intensity above 500 W/m? (Oates et al., 2003; Reed, 2004). Once the lethal solar dose has been received,
the efficacy is not particularly enhanced by any further increase. A greater effectiveness of applying a high
UV intensity for a short time is preferred than applying a lower intensity for a longer period of time
(Sommer et al., 1998). Authors suggest that this effect may be due to the action of repair enzymes in the
cell which are more negatively influenced by high UV intensities (Sommer et al., 1998). Consequently, the
solar UV dose is not a good parameter to accurately predict and standardize the impact of the solar

photocatalytic process on bacteria (Rincon and Pulgarin, 2004a).

Hence, studies have been made to assess the potential impact that this process has on disinfection (Rincon
and Pulgarin, 2003) and the effects of intermittence in light supply on the solar disinfection process
(Misstear et al., 2013). Even in the sunniest areas in the world, there is no guarantee that the UV supply
will be continuous; therefore, there is a need to further investigate the mechanisms and possible implications
of intermittence in the overall efficiency of the process. Although some works have demonstrated
indifference of the effect of light intermittence on some matrices (Lanao et al., 2012), this is not the rule
for all microorganisms and all light waves (Velez-Colmenares et al., 2011). However, there is a general
consensus that the intermittent process deviates from the behavior expected in a normal test; hence, this

could be attributed to the disinfection installations as well.

A very common method of solar disinfection is the compound parabolic collector (CPC) reactors (Malato
etal., 2004), which recirculate the sample around an illuminated surface and a dark storage tank. Therefore,
technical aspects can affect the process, causing intermittence, such as the storage of water in the dark tank
(Rincon and Pulgarin, 2007a; Moncayo-Lasso, 2009; Fernandez et al., 2005; 2009). Sciacca et al. (2011)
with a minimum dark storage volume (83% illuminated volume), reported different results while
performing solar CPC intermittent tests, compared to the equivalent batch tests, stating that there are actions
that intervene (such as shear forces or oxygenation of the sample) and modify the final outcome. Finally,
Ubomba-Jaswa et al. (2009), concluded that the continuous manner of irradiation has greater inactivation

potential, compared to the interrupted manner of solar UV light supply.
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1.2.2. Temperature

In general, the thermal efficiency of solar disinfection is at a minimum for partially cloudy, low ambient
temperature days in windy areas (Saitoh and EI-Ghetany, 2002). The synergy of temperature and solar rays
only occurs between 40-50°C. Below this temperature, it doesn’t affect solar disinfection (Reed, 2004).
However, bacteria and viruses do not demonstrate the same behavior; for E. coli, between 12-40°C, the
kinetics remain unchanged, whereas for some viruses the inactivation rate increases as temperature rises
from 20 to 50°C (Wegelin et al., 1994). Finally, it is possible that the water temperature (between 6 and
10°C) in winter increases the susceptibility of bacteria to photocatalytic treatment (Rincon and Pulgarin,
2004a). Authors have reported that E. coli subjected to low-temperature storage results in an increase in

susceptibility to the subsequent environmental stresses (Ingraham, 1999).

1.2.3. Organic compounds

There is a conflict on the effect of the organic compounds contained on water disinfection by solar radiation.
While Reed (2004) suggests that the presence of dissolved organic compounds, such as humic acids could
result in the enhancement of solar inactivation as a consequence of their action as photosensitizers, Marugan
et al. (2008) have shown that low concentrations of humic substances inhibit the disinfection process,
whereas the same concentration of sucrose does not affect at all. In natural waters, the possible inhibitory
effects of such dissolved organic compounds and their absorption of sunlight will be the drawback of the

enhanced ROS production, again because of their existence.

1.2.4. Inorganic compounds

Several studies have demonstrated a synergistic interaction between dissolved salts and solar illumination
(Davies and Evison, 1991; Vicars, 1999), though this is most pronounced at the high salt concentrations
found in sea water and is likely to be less significant than organic compounds at the salt concentrations

found in most natural fresh waters (Reed, 2004).

Rincon and Pulgarin (2004b) and Gomes et al., (2009a) showed that the addition of some inorganic ions
affects the sensitivity of bacteria to sunlight. However, the versatility in the concentrations required to
demonstrate effect on the microorganisms among the different anions disables a safe result on the kinetics
(Marugan et al., 2008).

Inorganic compounds could affect the pH of the water to be treated. If the inorganic compounds lead to
alkaline conditions, it was shown that it increases the susceptibility of fecal bacteria to sunlight. This could
be attributed to membrane damage, thereby affecting intracellular pH homeostasis (Curtis et al., 1992a;
1992b)
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1.2.5. Dissolved oxygen

Photooxidation, with the resultant production of ROS, is the principal reason for the rapid decrease in
bacterial counts in water of low turbidity. Disinfection can be 4-8 times faster in oxygenated water as
compared with deoxygenated water (Reed, 2004). On a practical level, this could be achieved by the

agitation of small-scale systems, either by hand or by using an air pump (Reed, 1997b).

1.2.6. Turbidity

It has been proved (Acra et al., 1984; 1990; Wegelin et al., 1994; Kehoe, 2001) that the water setting
candidacy for solar disinfection must be quite clear. Waters with turbidity greater than 300 NTU should be
filtered prior to disinfection for transmission reasons discussed earlier. However, in some cases in turbid
waters there was a slightly bigger release of dissolved oxygen (Reed, 1997a). Also, due to the presence of
particles, the absorption of rays can speed up the heating of water. This effect is still lesser than the need

for transmission of rays.
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1.3. Solar water disinfection on various microorganisms

SODIS is shown to be effective against the vegetative cells of a number of emerging waterborne pathogens
(Boyle et al., 2008). Typical inactivation curves show an exponential decrease in the bacterial count against
time, often with an initial shoulder or delay period, lasting 0.5-2 hours. After this initial shoulder, the
inactivation kinetics generally follows a single-exponential decay function, giving a straight line on a log-
linear graph (Reed, 2004). The same kinetics is observed for high initial bacterial populations, and higher

inactivation rate constants are observed (Gomes et al., 2009b).

Most of the disinfection studies use fecal bacteria for model microorganisms and proved its efficiency. For
example, Martin-Dominguez et al. (2005) have suggested that total coliforms (TC) are more difficult to
eliminate than fecal coliforms (FC), such as E. coli, and require a much larger amount of irradiation to

become inactivated.

Heaselgrave and Kilvington (2011) experimented with Acanthamoeba, Naegleria, Entamoeba and Giardia
and exposure to solar light. It resulted in significant inactivation of these organisms. Sciacca et al. (2011)
tested wild Salmonella, using surface water with high turbidity. Their treatment was efficient in completely
inactivating Salmonella sp. Lonnen et al. (2005) tested SODIS in a variety of microorganisms, such as
protozoa (the trophozoite stage of Acanthamoebapolyphaga), fungi (Candidaalbicans, Fusariumsolani) and

bacteria (Pseudomonas aeruginosa, Escherichia coli). The results are summarized in Table 1.2.1.

Table 1.2.1. — Effectiveness of SODIS over multiple microorganisms (Lonnen et al., 2005).

Pathogen SODIS

Reduction (log units) Time (h)
A. Polyphaga (Trophozoites) -42+0.2 6.0
A. Polyphaga (Cysts) 00+0.1 8.0
E. coli DH5a -55+0.3 2.5
P. aeruginosa -50+0.2 2.0
B. subtilis (spores) -17+04 8.0
C. albicans -54+0.2 6.0
F. solani (conidia) -55+0.2 8.0
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1.4. Field applications of solar disinfection of drinking water

It is clear that SODIS is an efficient and a reliable method especially in the places where normal treatment
of water is impossible, either for technical or economic reasons. This main advantage was exploited in
many real-life applications, in Central and Latin America, Africa and East Asia. The results were quite
promising and boosted the hopes of researchers to keep the ongoing studies and evolve the processes,
utilizing the new findings in their practices (Gill and Price, 2010). To date, the most complete review has
been provided by McGuigan et al. (2012). Some indicative results of field SODIS applications are presented

below.

In Maasai villages in Kajiado province, Kenya, children who drank solar-disinfected water showed a 10%
reduction in the incidence of diarrheal disease and a 24% decrease in severe diarrhea only 3 cholera cases
were seen from 155 young children (5 years or under) who drank solar disinfected water as compared with

20 cases out of 144 young children in the control group (Martin-Dominguez et al., 2005).

Solar disinfection proved to be effective in the elimination of coliform bacteria, improving the water quality
of the supply sources of the study zone. This makes it possible to ensure that its use would guarantee water
free of pathogenic bacteria (Martin-Dominguez et al., 2005).

A field study was carried involving seven different developing countries (Bolivia, Burkina Faso, China,
Colombia, Indonesia, Thailand, and Togo). After 1 year the number of households using solar disinfection
had risen to over 10,000, with 84% stating that they intended to continue using this approach after the
project had ended (Wegelin and De Stoop, 1999).

Finally, in more recent studies, the use of CPC reactors was implemented in the field, in order to increase
the volume of the treated water. Although Sciacca et al. (2011) were focusing on the post-irradiation sterile
conditions, they proved that SODIS in real application offered potable water in larger amount than the PET.
Also, McGuigan et al. (2014) performed a long term evaluation of a 25-L. CPC system, achieving total
inactivation of the target microorganisms and Ndounla et al. (2014) in another 25-L CPC setup studied the
effects of photo-Fenton reactants. The limiting step of the PET/borosilicate bottles is slowly overpassed,

thus increasing freshwater available quantities.
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1.5. Solar disinfection of wastewater

1.5.1. Initial considerations

Over the years, there have been published works demonstrating application practices, such as Davies-
Colley et al. (1999) and Craggs et al. (2004) in waste stabilization ponds; they have indicated the efficiency
of sunlight in disinfecting wastewater as well. However, the high retention times make them less attractive
than catalytic processes as far as the application point of view is concerned. Nevertheless, developing
countries benefited a lot from SODIS and can possibly benefit from solar disinfection of wastewater.
Sanitation conditions in many African countries are marginally non-existent and untreated or poorly treated
sewage end up polluting the drinking water supplies (Mwabi et al., 2011). It also occurs that the pre-
mentioned regions are areas with a vast number of sunny days per year, so an application of the disinfecting

action of light without other technological means could be attractive.

Solar wastewater disinfection follows the same principles as water disinfection; the effect of light against
pathogens is the same, but practically, one of the major differences lies in the conditions microorganisms
find in this water matrix. The presence of ions and nutrients, organic matter etc. provide solid ground for
their survival and growth (Marugan et al., 2010). The process depends on several parameters (such as
dissolved oxygen, pH), which complicate the study more than the drinking water one. Another important
aspect is the temperature conditions that are present during the treatment. SODIS applications have reported
elevated temperatures and synergistic actions of light and UV (Wegelin et al., 1994; McGuigan et al., 1998),
in otherwise simpler water matrices. Reed et al. (2004) highlighted, among others, the presence of organic

substances in SODIS water; the case of wastewater is an even enhanced one.

In parallel, many studies have initiated a cycle of investigations over the efficacy of solar disinfection for
wastewater. This field was relatively unexplored and several aspects needed to be studied; this knowledge
area welcomed works conducted by Kaositzi et al., (2004) and Polo-Lopez et al., (2012) and Rizzo et al.
(2014), that have investigated several aspects of solar photolytic and photocatalytic treatment in different
microorganisms (E. coli, Fusarium). Interest was also given in the enhancement of the process by technical
means, such as compound parabolic collector (CPC) solar photoreactors (Polo-Lopez et al., 2011; Bichai

et al., 2012), with special focus given to the application and reuse of wastewater.

Furthermore, photolytic and photocatalytic methods have been used to target the microorganisms present
within this matrix (Bichai et al., 2012; Ortega-Gomez et al., 2013; Giannakis et al., 2013, Rizzo et al.,
2014). Studies performed by Wegelin et al. (1994) or McGuigan et al. (1998), set the milestones for solar
disinfection (SODIS) of water. More specific studies have followed throughout the years, which highlighted
the important parameters of the process, as the UVA dose, boosting efficacy and rendering SODIS a safe
practice (Rincon and Pulgarin, 2004a; Boyle et al., 2008; Ubomba-Jaswa et al., 2009), by explaining the

acute inactivation of microorganisms after a few hours of exposure to sunlight.
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1.5.2. Modeling of solar disinfection of wastewater

Among researchers, the need to study and design applications of solar disinfection led to the modification
of existing methods and models, in order to predict the outcome of the experiments. Modeling of bacterial
inactivation was reviewed recently by Dalrymple et al. (2010) for photocatalysis of water, and its
mechanisms are well explained; in this work the evolution was presented starting with the Chick model,
the modification known as Chick-Watson Model, the delayed Chick-Watson Model, the Hom model and
others; all were pre-cursors of the most sophisticated models to follow in the next years. For instance, the
approaches of Geeraerd et al. (2000) or Mafart et al. (2002), or the modifications Marugan et al. (2008)
have introduced for photocatalysis, all contributed in understanding the process in depth, while being

application specific.

In fact, the photocatalytic models have been found to resemble the simple photolytic ones, as stated by
Block et al. (1997) and Gomes et al., (2009). Although the disinfectant source changes, the formula remains
similar; hence the use of the same model for photolysis and photocatalysis is valid. The change in the water
matrix to wastewater, is however rather unexplored. Marugan et al. (2010) have stated the modification of
disinfection potentials when the chemistry of the matrix is altered, Salih (2003) marked the importance of
consideration of contamination load, the exposure to sun, Sichel et al. (2007) and Rincon and Pulgarin
(2004a) highlighted the idea of minimum dose for inactivation and the importance of irradiation conditions
on photolysis and Malato et al., (2009) in their review mention the importance of light dispersion. These
are factors that all co-exist in wastewater and affect the process more than drinking water.

1.5.3. Field applications of solar wastewater disinfection

The efforts to implement field application of solar wastewater have been reported in works in tropical
regions in Africa (Maiga et al., 2009), Brazil (von Sperling, 1999), New Zealand (Davies-Colley et al.,
1997), and more, with success in terms of removal rates for bacteria, viruses and other microorganisms.
The most extensive review belongs to von Sperling et al., (2005) who have reviewed the data of 186
facultative and maturation ponds around the world. Geographically speaking, the majority of these data

were extracted from applications in Brazil and tropical regions.

Typically these applications are in the form of: primary facultative ponds, secondary facultative and
maturation ponds (von Sperling, 2005). In another work, the use of lagoons was studied, with decreasing
efficiency in the inactivation efficiency, as the series evolve (Xu et al., 2002). Finally the use of waste
stabilization ponds for the reduction of effluent pollution was implemented (Davies-Colley et al., 1995) and
the ecologically engineered high rate ponds with mixing (Craggs et al., 2004) are some of the forms in
which solar wastewater disinfection was implemented. In most of the cases the limits of discharge for

irrigation were achieved, but it requires long exposure times which discourage the application.
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1.6. Regrowth of microorganisms

The greatest disadvantage of UV disinfection of wastewater, either from UV lamps or solar, is its point
efficiency, which lacks residual effect (White, 2010). The effluent of the process will include inactive
(completely decayed microorganisms), injured (not lethally damaged, potentially dangerous if healed) and
microorganisms that escaped the process. The absence of the residual disinfecting factor could possibly
allow the reactivation of injured microorganisms, if favorable downstream regrowth conditions are
presented (Hijnen et al., 2006; Hallmilch and Gehr, 2010). The remaining bacteria could increase their
numbers while being in the treated effluent, due to a variety of reasons; for example, the existence of
nutrients and related chemicals in wastewater could provide an abundant food source for the bacteria,
allowing them to metabolize and reproduce (Marugan et al., 2010). Hence, the main three factors that are
responsible for bacterial regrowth are (Guo et al., 2011): i) the growth of injured microorganisms ii) the

reactivation and iii) the regrowth of the reactivated microorganisms.

Bacterial viability and survival after the UV disinfection has been a subject of big debate for decades among
the scientific community, with varying explanations and percentage distribution among the reasons for
regrowth. The main misleading factor was the reduction of cultivable count numbers in the plates
enumerating the bacteria after the process. It was believed that the reduction of colonies could mean direct

and permanent reduction in the actual bacterial number.

Long after regrowth as a phenomenon was observed, the ‘‘viable but non-cultivable’” (VNC) hypothesis
was developed to explain the absence of bacterial counts at the end of the treatment, but the re-appearance
after a time period, and supported by various researchers (Xu et al., 1982; Roszak and Colwell, 1987). This
hypothesis suggests that not all the bacteria are destroyed by the action of light, but there is a significant

number that is not able to reproduce themselves.

This ability was measured by the enumeration of colonies in bacterial plates of various mediums. Reed
(2004) in his work reports a number of experiments conducted that mislead the conclusions, due to use of
selective medium agars; the use of non-selective media led to bigger bacterial counts, concluding that non-
selective mediums must be used e.g. for SODIS experiments. Barer et al. (1993), detected the excess

numbers by metabolic activity methods and verified the difference in the bacterial numbers.

DNA is one of the main targets of both direct and indirect actions of UV light, through the direct
dimerization of thymines or indirect attacks by ROS (Pigeot-Remy et al., 2012), and the generated ROS,
especially hydroxyl radicals, interact with the intracellular components of the cell. Bacteria possess the
ability to repair a number of their DNA damages through two main mechanisms, light-dependent ones,
namely photoreactivation, and light-independent (dark repair) which help them recover from the damages

inflicted during phototreatment.
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The repair of the UV-induced DNA damage, namely cis-syn-cyclobutane pyrimidine dimers (CPDs)
(Hallmich and Gehr, 2010) that leads to reactivation of the microorganisms is demonstrated by various
methods that include photoreactivation (light mediated repair) and dark repair mechanisms (nucleotide and
base excision repair). The light-induced DNA repair is based on the activity of the key enzyme photolyase,
which binds to complementary DNA strands and efficiently breaks pyrimidine dimers. However, this
enzyme only functions as a DNA repair mechanism when visible light is available for activation
(preferentially in the violet to blue range of the spectrum).

In contrast, the nucleotide and base excision repair includes numerous molecular steps such as damage
recognition by specific proteins, assembly of a DNA repair complex, incision of the DNA backbone on
either side of the damage, removal of the damaged strand, and filling of the remaining gap by DNA
polymerase followed by attachment of the replacement DNA to the rest of the strand with a DNA ligase
(Britt, 1996; Amsler, 2008). The count of viable organisms can increase by several log values due to
photoreactivation, thus representing an obstacle to reaching safe disinfection levels and a potential
disadvantage for application of UV disinfection (Hallmich and Gehr, 2010).

1.6.1. Photoreactivation (PHR)

It wasn’t observed until the 50’s that the visible light, which withstands long wavelengths, is able to heal
the biological effects of the UV rays. This discovery, of photoreactivation (PHR), identified a very common
DNA repair mechanism, which was interpreted very quickly; PHR was responsible to reverse the damage

inflicted to nucleotides by short wavelength UV (Cleaver, 2003).

Photoreactivation is a process where microorganisms utilize light in the 310-480 nm wavelength range,
spanning from near-UV to blue light to activate a specific enzyme, photolyase, in order to recover activity
through the repair of pyrimidine dimers in the DNA and occurs in conditions of prolonged exposure to
(visible) light (Hijnen et al., 2006; Nebot Sanz et al., 2007; Shang et al., 2009). This bacterial ability is a
heritage of evolution through time, to protect themselves from the natural ultraviolet rays from the sun
(Quek and Hu, 2008). PHR is inversely related to UV doses; higher doses are followed by low reactivation

rates. Low doses are expected to demonstrate higher repair rates (Nebot Sanz et al., 2007).

Systematic quantitative study of photoreactivation, the more important of the two mechanisms, has

suggested a two-step reaction scheme (Harm, 1980):

Step 1: Formation of a complex between a photoreactivation enzyme (PRE) and the dimer to be repaired
(Nebot Sanz et al., 2007).

Step 2: Release of PRE and repaired DNA. The restoration of the dimer to its original monomerized form
is absolutely dependent upon light energy intensity (Nebot Sanz et al., 2007); energy is needed to repair
damage (Guo et al., 2011).
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1.6.2. Dark Repair (DR)

Like photoreactivation, a quite related process but in different conditions is dark repair. The dark repair
mechanism, as its name suggests, can repair the damaged DNA without light. This mechanism is a multi-
enzyme repair process involving the excision of dimers (Harm, 1980). It also called nucleotide excision
repair and requires coordination of over a dozen proteins to excise and repair the damaged DNA segment
(Shang et al., 2009). The dark repair methods are regulated by the expression of recA, a critical gene in the
bacterial cell, with well-known properties (Sinha and Hader, 2002; Jungfer et al., 2007). The nucleotide
and base excision repair, includes numerous molecular steps, including identification of the damage,
assimilation of a repair complex, incision and removal of the damaged strand and filling with DNA
polymerase, finalized by attaching the replaced DNA with the rest of the strand with a ligase. (Britt, 1996;
Amsler, 2008; Shang et al., 2009).

Dark repair has been demonstrated in almost all bacteria. Although spores have no active metabolism, the
repair starts upon germination. Dark repair has been demonstrated in viruses, too; however, since viruses
have no metabolism, they cannot repair damage to their genome themselves. Nevertheless, several viruses
have been shown to use the repair enzymes of the host cell (Hijnen et al., 2006). Finally, it seems that it is
crucial to monitor the effluent after treatment with UV, mostly because the organic matters present could

be favorable conditions for dark repair (Rincon and Pulgarin, 2007a).

Generally, rates of PHR are greater than dark repair ones, fact that makes the latter almost negligible under
some cases. On the other hand, dark repair is less predictable and varies among different species’ strains

and conditions (Shang et al., 2009).
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1.7. Factors affecting bacterial regrowth after UVC irradiation

Bacterial regrowth has been widely studied for UVC disinfection, a fact that provides a relevant starting
point to address regrowth after solar disinfection, which has been only scarcely studied. Accordingly, a

review of regrowth after UVC treatment is presented below.

1.7.1. Effect of temperature

The influence of temperature is of great importance, especially when it comes to real-world applications
and case studies; modeling of real situations is often manifested by fluctuations in temperature. The
reactivation of E. coli is possible when the treated effluent is released in natural water bodies, but it is

dependent on temperature among other factors.

Chan and Killick (1995) performed a series of experiments that proved the correlation between temperature
and regrowth potential. Lower temperatures could reduce the regrowth dynamics of both photoreactivation
and dark repair to a certain extent. These findings were verified and extended by Shang et al. (2009) that
stated the elasticity of the regrowth dynamics response between 10 and 35 °C, observing the minimization
of the potential under 10°C.

Also, comparing the two mechanisms within the same temperature range, it was shown by Chan and Killick
(1995) that the reactivation was more profound due to photoreactivation than dark repair and reached a

higher level over the nine hour period of study when compared with dark repair rates.

1.7.2. Effect of salt and nutrient contents

UV-C radiation appears to be a potential alternative to chlorination, if it is employed in plant with
continuous flow of water. However, the storage of UV-treated water in tanks during its passage through
different stages of the plant could permit bacterial reactivation and recovery. Determination of
micronutrients could be helpful to draw conclusions about the bacterial after-growth dynamics (Munshi et
al., 1999). The experiments of Munshi et al. (1999) proved that given the proper conditions the bacteria
recover within 24h. Within the same framework, it was shown (Shang et al., 2009) that especially for
reactivation by light the supply of nutrients demonstrated higher numbers, attributed both to PHR and
regrowth.

In an effort to predict the behavior in sea water, which is a highly saline receiving environment for incoming
populations, it was concluded that the same samples diluted in varying salinity levels present favor over
less saline solutions. Above a 30% of the salinity of synthetic sea water the ability of the E. coli to
photoreactivate declines sharply and levels off at 70% of the maximum salinity. For those cells in a saline

environment reactivation was slower and a lower maximum recovery was obtained. Dark repair rates were
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extremely limited in those cells exposed to the saline environment which was produced from synthetic sea
water. Also, in such environments, the temperature plays a secondary role, a lesser one compared to isotonic
conditions (Chan and Killick, 1995).

1.7.3. Effect of UV source, dose and intensity

As described in previous chapters, low pressure lamps produce a monochromatic, single wavelength peak,
which affects only the DNA (Nebot Sanz et al., 2007). The medium pressure lamps produce a broad
spectrum of UV wavelengths that inflict irreparable damage not only on cellular DNA, but on other
molecules, such as enzymes (Kalisvaart, 2004). Hence, since the bacteria are severely damaged the
reactivation is lower in medium pressure (MP) lamps than in low pressure (LP) ones. A quantification is
presented by Shang et al. (2009) and a comment on the intensity; the extent of photoreactivation remained
similar at the same UV dose (12 mJ/cm?) but different UV intensities (0.12 and 0.2 mW/cm?). However, in
higher doses, as 40 mJ/ cm?, Halmilch et al. (2010) in their work stated a number of experiments which

proved that both in vitro and in vivo, the photoreactivation was similar between the two types of lamps.

The explanation on this is provided by Lindenauer and Darby (1994), who state that at the higher UV doses,
no further UV inactivation occurs with increasing UV dose. The increase of the dose, will not affect the
shielded microorganisms, but will only inflict more damage to the irradiated ones, reducing the reactivation

potentials, without reducing the actual number of microorganisms present in water.

1.7.4. Effect of other water quality parameters

It is obvious that there are other water quality parameters that could affect the outcome of the experiments
but some consideration has to be made, mostly in terms of dose and transmittance. There are a lot of
substances present in wastewater that can absorb light waves. This effect is true, for both UV rays of
sterilization and photoreactivating light. However, the effect on shadowing within the water is much more

important in the efficiency of UV rays as a critical parameter in the following bacterial regrowth.

To begin with, in terms of dose, regardless of the substances or clarity, low UV doses lead to low
inactivation rates and less damage. Subsequently, photoreactivation increases, as long as the dosage is low
and the damage is sub-lethal. This is not surprising and if the transmittance is taken into consideration,
which is a key parameter in UV disinfection, it could be concluded that as suspended solids rise, the dimer

formation decreases and photoreactivation rate is greater (Lindenauer and Darby, 1994).

Suspended solids will influence both initial inactivation and subsequent photoreactivation directly and
indirectly: An organism may be directly shielded from UV light by being embedded within a bigger particle.

However a cell may also be protected indirectly by the fact that the actual average UV intensity in the
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reactor is decreased either by scattering (i.e. longer light travel path required) or by absorption by organic

particles (Lindenauer and Darby, 1994).

Theoretically, non-turbid, clear waters demonstrate bigger transmittance levels while the reverse could be
true for poor water quality. Nevertheless, it was shown (Lindenauer and Darby, 1994) that the water quality
parameter had a greater impact in inactivation than in PHR levels, leading to lower inactivation rates.
Finally, according to the same source, all the above are true for low UV doses; for high doses, the effects

of water quality were negligible.

1.7.5. Effect of initial bacterial population

The philosophy behind the way the initial population is considered has changed over the last years.
Although Lindenauer and Darby (1994) supported that no significant correlation exists between
photoreactivation and the initial number of coliform in wastewater, at any dose; they found out that in low
doses, the surviving coliforms affected the reactivation. Craik et al. (2001) explained this noting that if the
initial population is high, there is a big chance that there will be a part of it going through unharmed due to
shielding (by each other) and bad mixing. Gomes et al. (2009b) confirmed these findings, discovering high
energy requirements to disinfect such samples. As far as photoreactivation is concerned, its fractions for
values below 100.000 CFU/100ml, the required energy increases (Halmich and Gehr, 2010). Dark repair

hasn’t demonstrated some special behavior and probably falls in the category Craik et al. (2001) mentioned.

1.7.6. Effect of pre-, simultaneous or extended illumination by visible light
Solar radiation consists of a wide range of wavelengths including visible and UV light, which can activate
repair enzymes and cause cell damage, respectively. Consequently, both inactivation and repair can occur

at the same time (Yoon et al., 2007).

Pre-illumination with non-coherent monochromatic 446, 466, 570 and 685 nm radiation, as well as with
polychromatic red and IR radiation at room temperature, leads to increased cell survival after subsequent
irradiation with UV light. This increase in survival from UV irradiation could be due to infrared heat-shock
response; the increased survival rate can affect the downstream numbers of bacteria able to regrow (Lage
et al., 2000). For example, if the samples are exposed to UV irradiation and visible light at the same time,
the recovery of the microorganisms by the photoreactivating light is halved compared to UV irradiation
when applied alone (Halmich and Gehr, 2010). However, if the samples remain for an extended period
under irradiation, they get even more inactivated than photoreactivated, leading to smaller numbers and

less regrowth (Yoon et al., 2007).
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1.8. Studies on the factors affecting survival and regrowth of solar-treated bacterial

strains

The application of solar treatment systems requires two main axis of caution: disinfection and post-
irradiation events. Over the years, solid knowledge concerning the exploitation of solar power to reduce
microorganisms in water has been accumulated, which could be extrapolated to wastewater (Lonnen et al.,
2005; Berney et al., 2006; McGuigan et al., 2011), in various treatment methods, such as PET bottles
(Ndounla et al., 2013), CPC reactors (Sciacca et al., 2011) or, the most feasible in the context of developing
countries, in superficial flow constructed wetlands (Kivaisi, 2001) or waste stabilization ponds (Sinton et
al., 2002).

The second axis deals with the fate of microorganisms, once disinfection is over. In natural aquatic
environments carbon availability and temperatures are much lower and therefore, the expected specific
growth rates of enteric bacteria are lower (Berney et al., 2007). There are a number of works concerning
the occurrence of microorganisms in natural waters, such as rivers (Avery et al., 2008), lakes (Haller et al.,
2009), estuarine (Chandran and Hatha, 2005; Kay et al., 2005) or brackish water (Mezrioui et al., 1995)
and seawater (Noble et al., 2004; Darakas et al., 2009).

However, only few studies deal with the microbial post-irradiation fate of microorganisms when treated
wastewaters are discharged in these water matrices (for instance after UVC: Chan and Killick, 1995; Sinton
et al., 1999, after solar UV exposure). What is mostly discussed is the fate of microorganisms occurring in
different water types, while others include the simultaneous application of solar irradiation; Yukselen et al.
(2003) have studied the inactivation of bacteria in seawater, Jenkins et al. (2012) the die-off in pond waters

etc., thus providing information on the concurrent action of adaptation and illumination.

1.8.1. Effect of ions, salts and nutrient content

Rincon and Pulgarin. (2004a) observed that after solar illumination and reproduction of the same
experiments in the laboratory, almost all samples that were based on natural waters, which contain even
lower concentration of dissolved organic carbons, presented regrowth in dark conditions. This was
unexpected, since low organics concentration should have limited the regrowth dynamics, as Tassoula
(1997) showed, because low COD values lower survival dynamics. Natural water bodies as a receiving
medium are interesting, because it is believed that enteric bacteria may survive in natural waters but are not
able to multiply themselves (Roszak and Colwell, 1987). In natural aquatic environments carbon
availability and temperature are much lower and, therefore, the expected specific growth rates of enteric

bacteria are lower (Berney et al., 2007).
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1.8.2. Effect of the bacterial strain

Rincon and Pulgarin (2004c) experimented with seeded and natural microorganisms (E. coli) and
significant differences between their behavior in dark repair; the differences in photolysis, resistance and
subsequent dark recovery process between pure E. coli culture and bacterial consortia present in
wastewater, illustrates the difficulty to extrapolate pure-culture survival data to bacterial response in a real
natural polluted water. Therefore, experiments with lab strains and conditions can show essential

mechanisms and significant trends, but a straightforward translation to field conditions would be risky.

1.8.3. Effect of storage conditions
Sciacca et al. (2011), have highlighted details on the storage conditions affecting bacterial regrowth. It has
been mentioned that the use of non-sterile containers can result to bacterial regrowth, compared to its

prevention, when sterile ones were used instead.
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1.9. Regrowth modeling

1.9.1. UVC disinfection and post-irradiation modeling
Historically, the first attempt in mathematical representation of the bacterial life cycle was made by
Verhulst in 1838 to interpret biological population growth. The models used to describe the repair rate are

relatively simple, representing the repair potential ex ante.

S = Ne 100
=

Where:
N is the concentration of E. coli at time of exposure for time t in the repair conditions.
No is the concentration of E. coli immediately after UV disinfection (logCFU/mL), and

S is the repair rate after UV disinfection (%)

However, the analyses that took place in recent years by Nebot Sanz et al. (2007) followed the model
proposed by Kashimada et al. (1996), described by the following equation:

as
E =ki(Sm—S)

Where:

Sm is the maximum survival ratio (Nm/No) x 100 (%),
N is the maximum bacterial population and

ki the first-order reactivation rate constant.

Nebot Sanz et al. (2007) modified the Kashimada model, because it didn’t fit their experimental data,
mainly at the beginning of the curve, when an induction period was observed. The new proposed model is

represented by the following equation:

ds
=k (=95

where ko is the new growth second-order reactivation rate constant.

The model has the advantage that both kinetic parameters: Sm and ko, have a clear physical significance.
On the one hand, Sn is the maximum limit of the microorganisms’ survival by reactivation, and on the other

hand, k. represents the rate at which that value is reached.

By integration of this equation and solution for S, they produced this form:
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Sm

1+(§—’:—1)-e—’<2‘5m‘f

S=

The experimental data acquired for dark repair Kinetics, did not fit this equation. Therefore, they introduced
a zero-order kinetic for the decay process they noticed, % = —M - t, where M, mortality, is a zero-order

decay rate constant.

With the introduction of this constant to their initial modification, the proposed model has the form:

Sm

1+(§—’:—1)-ek2'5m'f

S= —M-t.
In a more recent work (Velez-Colmenares et al., 2012) a model has been proposed, which describes the

photoreactivation kinetics after UVC disinfection, as an improvement of the Kashimada model.

t: is the time in minutes,
St is the survival after ultraviolet disinfection at time t,
Si is the survival of the decay phase at an initial time t and

M; is the solar decay rate constant (min™) that only depends on the solar radiation to which the sample is

exposed.

Grouping the corresponding expressions for the growth and decay phases, the equation that defines the
solar reactivation kinetic model:

Se=(Spe—Mg-t)—(Sy—S,) - e kstMs)t

ks is the growth rate constant of solar reactivation (min?).

1.9.2. Solar disinfection and post-irradiation modeling

Apart from UVC disinfection, there are not enough systematically obtained data in order to model the
bacterial kinetics in the solar post-irradiation period. Bacterial regrowth has been assessed in some works
as an indicator of the quality of disinfection (Rincon and Pulgarin, 2004a; 2007a), but except for the
biological aspects which are very well understood (Sinha and Hader, 2002), the prediction of the
phenomenon is rather fuzzy. Many authors in their works have studied the regrowth after the phototreatment
of water (Rincon and Pulgarin, 2007a; Polo-Lopez et al. 2012), while some monitored the survival in
wastewater (Bichai et al., 2013; Giannakis et al., 2013). The presence of nutrient sources in wastewater
pose a direct threat of re-contamination of the water, so the prediction models should turn their attention on

the phenomenon and the suggested pre-treatment conditions.
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1.10. Thesis aims and objectives

The review of the main parameters affecting bacterial removal by solar light in water and wastewater, as
well as the ones that influence bacterial regrowth after UV disinfection, has made clear that the process is
a complex dynamic system with interactive factors. Despite having modeled the majority of the involved
driving forces, i.e. growth kinetics and solar-assisted bacterial inactivation for a long time, there are still
efforts to explain the events taking place. By isolating factors and testing the interactions among them, one
can draw valuable conclusions that build the knowledge base and influence the actual design and reuse

practices.

In solar wastewater disinfection, it is crucial to predict the disinfection efficiency. The majority of the
knowledge base comes from the pond applications and similar theoretical assessments. Some studies
implemented simulation of the involved physicochemical parameters (Curtis et al., 1992a,b; Ouali et al.,
2013) or the hydrologic (Persson et al., 2003) and hydraulic aspects (Olukani and Ducoste, 2011), in order
to efficiently predict the outcome of the designed process. The interaction between the parameters has often
challenged research and the action mode/pathway of inactivation. In the same philosophy, von Sperling et
al. (2005) have reviewed the bacterial die-off rates for the creation of equation modeling in ponds.
Optimization of the treatment conditions was often under question (Bracho et al., 2006) and the practical
problems often led to efforts to upgrade the existing pond applications (Craggs et al., 2003). Less studied,
but a valid question is the tuning of the treatment conditions in technical means of solar wastewater

disinfection (Polo-Lopez, 2011; Bichai et al., 2012) in order to re-use the reclaimed water.

However, literature has significant gaps concerning the understanding of crucial matters on the behavior of
solar-treated wastewater microorganisms during and after treatment. Significantly, very limited research
has been performed on the inactivation kinetics in solar disinfection of secondary effluent, particularly on
the variables affecting this process. Even more, the effect of the solar disinfection conditions on the post
irradiation period has been hardly explored. In accordance to the complexity of the process, the critical
guestion of bacterial regrowth after solar disinfection has not been systematically assessed. Dark repair,
photoreactivation and long-term monitoring of the bacterial survival after solar wastewater disinfection are

some of the questions the present work is putting under question.

1.10.1. Main objective

The main focus of this Thesis is to explore the fundamental aspects governing the solar disinfection of
wastewater, as well as the subsequent, post-irradiation events. The investigation is therefore split into two
major parts, namely solar treatment and bacterial regrowth. More specifically, an extensive investigation in

the internal and external parameters affecting solar wastewater disinfection is attempted in order to predict

Page | 51



Stefanos Giannakis - Solar disinfection of secondary effluent and the subsequent bacterial
regrowth: considerations, limitations and environmental perspectives

the success of the treatment and the quantification of the bacterial dark repair (mainly) and

photoreactivation.

1.10.2. Specific objectives
The specific goals of the Thesis are:

e Tointensively study the effect of intensity, initial bacterial concentration and treatment temperature
on the overall inactivation efficiency of the process. Also, to measure the subsequent dark repair
and to predict the short and long term survival of bacteria.

e To assess the importance of classic standardization indicators of solar water treatment, in
wastewater (e.g. dose effects).

e To model the two distinct processes; the acquisition of a disinfection model, as well as regrowth
prediction.

e To estimate the survival of solar-treated bacteria after their disposal in various environmental water
matrices and light conditions (DR and PHR).

e To assess the implications possibly encountered by temporal weather changes and mechanical
applications, as well as the enhancement of the treatment by AOPs (photo-Fenton and high

frequency ultrasound) towards bacterial regrowth elimination.

1.10.3. Thesis Organization
In order to effectively accomplish the goals set in the objectives section, the experimental parts are
elaborated in accordance to the presented subchapter. The experimental conditions, the performed tests,

their analyses and the conclusions of each part are explained in detail in the next chapters.

In Chapter 2, the methods that were common in all experiments are presented, to set the framework of the
work, in terms of microbiology and simulation conditions. The preparation of the microorganisms, the

wastewater matrix employed in all experiments, as well as details on the solar simulator are given.

Afterwards, a systematic study on the effects and interactions of the fundamental parameters governing
solar disinfection was performed, whose results are presented in Chapter 3. Firstly, a multilevel design of
experiments is shown, focusing on the disinfection events. An evaluation of the regrowth, in both short and
long term is performed, as a second evaluation criterion, and finally, considerations on the role of solar
dose are expressed. The chapter closes with modeling of solar disinfection in various intensities and an

assessment on the prediction of bacterial regrowth.

Chapter 4 deals with the post-irradiation events, and the microbial fate in various environmental conditions.
The regrowth as a function of the temperature and four different dilution media is presented, followed by a

study on the photoreactivation potential of solar-treated wastewater. Five different monochromatic and one
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polychromatic fluorescent lamps were employed to investigate the regrowth dynamics of the phototreated

microorganisms.

In Chapter 5, the effects of interrupted, non-continuous irradiation on disinfection efficiency are assessed,
either when high or of low frequency intermittent light was employed. Simulation of CPC disinfection was
performed and the use of AOPs for the complete exploitation of the recirculating water was studied. Photo-

Fenton and ultrasound were the subject AOPs, as means of eliminating the regrowth risk.

Finally, the Thesis closes with the overall conclusions deriving from this investigation in Chapter 6. An
evaluation of the tests described before is performed; an overall vision of the effectiveness of solar

disinfection and the potential regrowth are given as final remarks.
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Chapter 2.
Generally employed materials and
methods

In this chapter, the general experimental methods and techniques common to all studies in chapters 3
to 5 are described. For each specific study, the methodological approach and its materials and methods

are presented later, in the beginning of the corresponding chapter or subchapter.

2.1. Microbial methods

2.1.1 Selected microorganism

Instead of analyzing a variety all microorganisms currently present in secondary wastewater effluents,
the use of an indicator microorganism was preferred. Escherichia coli is currently the most studied
microorganism in genetics, is commonly found in the human intestine and indicates probable upstream
water pollution, if found. Although its suitability as a fecal indicator bacterium has been questioned
(Berney et al, 2006; Sciacca et al. 2010 and more), there are strong facts supporting its use in such
studies (Odonkor and Ampofo, 2013). More specifically, in this work the E. coli K-12 strain was used.
The specific is non-pathogenic, consists a reliable indicator already used in a vast number of works in
solar disinfection, because it approximates well the Gram-negative wild type (Spuhler et al., 2010). Its
simplicity in laboratory cultivation have established it as a valuable tool in similar works, although its

response might differ slightly among the various strains.

2.1.2. Preparation protocol

The E. coli strain K-12 (MG1655 was supplied by the “Deutsche Sammlung von Mikroorganismen und
Zellkulturen”. Luria-Bertani (LB) broth (10 g BactoTM Tryptone, 5 g Yeast extract, 10 g NaCl, per
liter) was prepared for each experimental series by suspension in Mili-Q water and heat-sterilization by
autoclaving. One colony was picked from the pre-cultures and inoculated into a 50 mL sterile falcon,
containing 5 mL of LB broth. The flask was then incubated at 37°C under stirring at 180 rpm in a shaker
incubator. Further dilution was made after 8 h in 1% v/v and the new solution was incubated under the

same conditions for 15 more hours.

Cells were harvested during the stationary phase by centrifugation from batch culture for 15 minutes at

5000 rpm and at 4°C, in a universal centrifuge. After centrifugation the bacterial pellet was re-suspended
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and washed for 5 minutes under the same centrifugation conditions. Rinsing was repeated twice and the
final pellet was re-suspended into the initial volume. Washing and re-suspension was done in heat-
sterilized pure saline solution (NaCl 8g/L and KCI 0.8 g/L, neutral pH, regulated with NaOH). The
above described procedure resulted in a bacterial pellet of approximately 10° colony forming units per
milliliter (CFU/mL).

2.2. Microbial enumeration

Bacterial colonies were enumerated by the pour-plating method on 9-cm petri dishes containing plate
count agar. Samples were properly diluted to maintain measurable counts on the plastic Petri dishes
(15-150 colonies per plate). The detection limit for diluted samples is 10 CFU/ml, and 1 CFU/mL for
the undiluted. In all cases, even under 15 colonies per dish, the actual reading of CFU/mL is reported
here. In each measurement, 0.5-1.5 mL was drawn, plating was done in duplicates, and 5% difference

(maximum 10% in low numbers) was obtained, or results were discarded.

2.3. Composition of the synthetic wastewater

The preparation of the synthetic wastewater was made by dissolving 160 mg/L peptone, 110 mg/L meat
extract, 30 mg/L urea, 28 mg/L K;HPO., 7 mg/L NaCl, 4 mg/L CaCl,-2H,0 and 2 mg/L MgSQ4-7H.0
in distilled water, as instructed by OECD (1999). The COD of the solution was 250 mg/L. As done in
other works (e.g. Velez-Colmenares et al., 2011) in order to better approximate the values of secondary
effluent, a 10% dilution was used. 1 mL of concentrated (10°) bacterial solution per liter was added in
the solution, to reach an initial population of 10 CFU/mL. The transmittance levels approach the real

secondary effluent ones.

Figure 2.3.1: The synthetic wastewater used in the present Thesis. A slight yellow-ish color is visible.
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Chemicals were acquired from the following suppliers: Peptone from I2CNS, Switzerland, meat extract,
NaCl, CaCl,-2H,0, MgSO4:7H,0 and FeSO4-7H,0O from Fluka, France, urea from ABCR GmbH,
Germany, K:HPO4 and H>O; from Sigma-Aldrich, Germany.

2.4. Simulated solar light specifications

The light source was a bench-scale Suntest CPS solar simulator from Hanau, employing a 1500 W air-
cooled Xenon lamp (model: NXe 1500B), with effective illumination surface of 560 cm?. A portion of
0.5% of the emitted photons fall within a range shorter than 300 nm (UVB) and 5-7% in the UVA area
(320-400 nm). After 400 nm, the emission spectrum follows the visible light spectrum. The solar
simulator also contains an uncoated quartz glass light tube and cut-off filters for UVC and IR
wavelengths. The intensity levels employed were monitored by a pyranometer and UV radiometer
(Kipp & Zonen, Netherlands, Models: CM6b and CUV3). Measurements took place at the beginning
of each experiment to ensure the desired emission levels, and lamps are changed every 1500 h, in all

different Suntest apparatus used in the research period.

Intensity (AU)

270 370 470 570 670 770
Wavelength (nm)

Figure 2.4.1: The Suntest solar simulator: image, lamp output spectrum and operation.
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Chapter 3.

Variables affecting solar disinfection
and post-irradiation dark repair in
secondary treated wastewater

3.1. Methodological approach

The current chapter focuses on the disinfection of wastewater by solar light alone and a statistical approach
has been done, to investigate the behavior of microorganisms in synthetic secondary wastewater, when
exposed to sunlight. In summary, a full factorial design has been employed to further investigate the effects
of basic parameters on E. coli, in batch tests simulating solar disinfection of secondary treated wastewater.
A full factorial design of 240 experiments (DOE) was employed to investigate the effects of i) exposure
time (1, 2, 3 and 4 h), ii) treatment temperature (20, 30, 40, 50 and 60°C), iii) initial bacterial concentration
(103, 104 10° and 10° CFU/mL) and iv) sunlight intensity (0, 800 and 1200 W/m?) on Escherichia coli
disinfection and survival for a subsequent 48-h dark control period. Also, the importance of dose was
investigated and its correlation with the control variables. Finally, the effects of sunlight intensity were
modeled, with respect to disinfection and post-irradiation events, in experiments without temperature

control.

Temperature and irradiation were varied in order to obtain a range of conditions. Some of the conditions
tested are hardly feasible in natural conditions, but achievable, for instance, with mechanical assistance by
CPCs or solar collectors. The experimental set-up allowed controlling the temperature at desired levels.
The point of this experimental sequence was to investigate the potential synergies and antagonistic effects
that temperature would create and influence, during solar disinfection. In any case, with this method of
artificial temperature control, the possible combined effects are expected to be observed, positive or

negative, according to the potential acquired temperatures in a solar disinfection application.

3.1.1. Simulated solar light specifications

Concerning the applied intensities of the temperature controlled experiments, 800 W/m? is a feasible value
of solar irradiance, in the areas candidate for solar disinfection, in general. On the other hand, 1200 W/m?
is a relatively high value chosen in purpose, defining i) a neighboring value to the highest intensity able to

reach earth’s crust and ii) a value with profound results, in order to stress the modifications in bacterial
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kinetics; an initial investigation (data not shown) indicated that values around 1000 W/m? had the desired

effect, but not as obvious as the presented ones.

3.1.2. Reactor configuration

The batch tests that withheld the bacterial samples during temperature-controlled experiments were
cylindrical double-wall Pyrex glass bottle reactors (outer diameter 7.5 cm, inner diameter 6.5 cm, height 9
cm, irradiation surface 20.41 cm?), which allow control of the temperature and UVB transmission, as well
as mild stirring with magnetic stirrer. Water was taken from the body of the irradiated sample, still under

stirring.

3.1.3. Bacterial enumeration

Viable bacterial counts after solar treatment were assessed by pour-plating on non-selective agar as
suggested by Reed (2004) and Rizzo et al. (2004), in order to obtain all viable counts, after proper dilution
in sterile saline solution to achieve measurable counts on the dishes (15-150 colonies). Experiments were

performed with duplicate plating in three consecutive dilutions.

Hourly measurements of the bacterial numbers took place for the temperature-controlled experiments, and
approximately 1 mL was drawn; during the systematic intensity research, sampling was made each 30 min,
or 20 min for intensities > 1000 W/m?. Regrowth tests were conducted 24 and 48 h after sampling; samples

remained in the dark covered by aluminum foil in room temperature (~25°C).

3.1.4. Experimental design set-up

Full factorial DOE was chosen to investigate the influence of the important parameters of treatment time,
temperature and initial bacterial population, on the disinfection process and their possible synergies and/or
interactions. When a full factorial DOE is chosen, the responses are measured at all the combinations in the
different experimental levels. Combining the different factor levels reflects the conditions in which the
various responses are measured by the actual experiments. It was chosen over fractional factorial design to
prevent confounding and data credibility loss. Table 3.1.1 presents the parameters under study and their

respective levels.
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Table 3.1.1. — Design of experiments’ parameters, levels and
respective units.

Parameters
Time 4 1,2,3,4 h
PO:)”J:;‘:M 4 10°, 10%, 10, 10° CFU/mL
Temperature |5 20, 30, 40, 50, 60 °C
Light Intensity | 3 0, 800, 1200 W/m?

MINITAB for Windows was used for the data analysis. The DOE was configured as a Multilevel Full
Factorial Design, because of the different levels within the parameters. The timespan of the experiment was
4 h, initial bacterial population was chosen to vary from 10° to 10® CFU/mL and temperature was analyzed
for five levels, from 20 to 60°C. Data analyses are presented grouped by light intensity levels: i) 0, ii) 800
and iii) 1200 W/m?, Table 3.1.2 summarizes the DOE for each intensity level. The control (response)
variables were process efficiency and regrowth after 24 and 48 h. Although the disinfection kinetics are
monitored and presented, the main focus when Process Efficiency is used as a control variable, is to evaluate
the combination of the defined disinfection parameters in an unambiguous indicator, which is the number
of bacteria inactivated in a pre-set time. Finally, the statistical evaluation of the results through Minitab was

simplified, since kinetics comparison would not be feasible.

The results of the control variables are shown with the aid of Time vs. Population graphs, contour and main
effects plots. The sampling intervals are 1h in all cases except for 60°C (30 min used). Through MINITAB,
the contour plots produced represent the possible interaction between three parameters in a 2-D scheme. In
this manner, the sampling intervals, the discrete temperatures and their respective results are presented. The
results are connected through the areas set by the contours by either the distance or the Akima’s polynomial
method (the 1% was mainly chosen); close values are grouped in the different levels and the intermediate
values among the DOE levels are estimated through these methods, hence more dense presentation can be

offered.

Also, MINITAB was used to display both the sequential sums of squares (Seq SS) and adjusted sums of
squares (Adj SS), after the presentation of the Degrees of Freedom (DF). Since the model is orthogonal and
does not contain covariates, these two SS values will be the same. The SS quantifies the variability between
the groups of interest, here being the values of the first column, one of the control variables (process

efficiency %). In other words, the difference between the source means and the grand mean is represented.
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Variation between individual scores and the mean of every group is presented by the values; the greater

this value is, the bigger the effect of changing that factor on the control variable is.
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Table 3.1.2. — Design of Experiments set-up.

i -
4 1 3| Replicates 2
4 1 5| BaseRuns 80
n 4 2 1| Total Runs 160
Base
Total
31 51 el s oz 1| Noo A;B;C;=4:4;5
levels
Initial Population
4
3 3 4 4 3 4 c Temperature (°C)
10%,104,10°,10°
38 I 3 4 3 ECH 4 4 3 B
3 4 4 4 4 4 C 20,30,40,50,60 ("C)

3.1.5. Modeling of bacterial disinfection and regrowth without temperature control

In order to model the bacterial response under the solar light stress without temperature control, the GlnaFiT
freeware add-on for Microsoft Excel was used (Geeraerd et al., 2005). Between the models tested to fit the
curves, Model 1: a Shoulder log-linear (Geeraerd et al., 2000), Model 2: the Weibull frequency distribution
model (Mafart et al, 2002) were used.

3.1.5.1. Employed models
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1) Shoulder log-linear inactivation model:
N = NO * exp(_kmax * t) * (exp(kmax * Sl))/(l + (exp(_kmax * Sl) - 1) * exp(_kmax * t))) (1)

For identification purposes reformulated as:

exp(Kmax*SD ) ( )

t
logIO(N) - loglO(NO) - kmax * In(10) + loglo(1+(exp(kmaX*Sl)—1)*exp(—kmax*t)

Where:
e N: the bacterial population at any given time (CFU/mL)
¢ Npg: the initial bacterial population (CFU/mL)
e t: the investigated time (S)

e  Kmax and Sl (shoulder length): shoulder-log linear model-specific constraints

The shoulder log-linear model was first suggested as two separate equations (Geeraerd et al., 2000).

dN 1 Nres

@ = e N+ (52) < (1-552) @)
dc,

dar = —Kmax * C¢ (4)

C.is related to the physiological cell state, kmax is the rate of inactivation (1/time unit), and N is the residual
density of the bacterial population (CFU/mL). By changing Cc with e<™S!—1 with SI (time units) being the

shoulder length, the final versions (1) and (2) are obtained.

This model is not a fundamental description of the bacterial metabolic process, rather than a mathematical
way of integrating in an equation two well-known phenomena in solar disinfection: 1) the initial shoulder
demonstrated, corresponding to the initial resistance/adaptation time required for the light to inflict damage
on a minimum number of bacterial sites (Berney et al., 2006) and 2) the well-known subsequent log-linear
decay. Furthermore, this equation doesn’t integrate the irradiation power as a variable, so specific
parameters need to be estimated for each irradiation level. On the right side of the equation, the first two
terms would represent a log-linear decay from the very start of irradiation. However, the third term adds a
delay (SI) to the log-linear decay and sets N=Ny constant along the shoulder, and a smooth transition to the
log-linear decay phase. So, this model provides a formal way to calculate the length of the shoulder phase,

and the kinetic constant of the log-linear decay.

2) Weibull inactivation model:
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The Weibull model is the Mafart et al. (2002) suggestion to adapt the cumulative probability density
function to microbial inactivation. The effort is “to reduce naturally” the classic log-linear model, and is as

follows:
t\P
N _ 106 @)
No
For identification purposes reformulated as:

log10(N) = log1o(No) — (3)P (6)
Where:
¢ N: the bacterial population at any given time (CFU/mL)
¢ No: the initial bacterial population (CFU/mL)
e t: the investigated time (S)
e 5 and p: Weibull model-specific constraints (scale and shape parameters).

d is a scale parameter and marks the time for the first decimal reduction (if p=1). For p<1 concave curves
are described and p>1 describes convex shapes. Finally, 6 and p are not independent; there is a strong
correlation existing, as suggested by Van Boekel (2002) and Mafart (2002), and it is due to the model
structure. Through scaling and shaping, the Weibull curve can be fitted to UV/solar disinfection kinetics.

However, the shoulder length and a classical kinetic parameter cannot be estimated from curve fitting.

3.1.5.2. Experimental specifications
In order to model the effect of solar intensity on bacterial disinfection and regrowth, in the experiments

without temperature control, discrete intensities were used (500, 600, 700, 800, 900, 1000, 1200, 1400 and
1600 W/m?). The temperature was monitored and never exceeded 40°C. The analytical nature of this
investigation aims to quantify the contribution of several discrete intensity levels in solar wastewater
disinfection. The intensity threshold is set according to the guidelines of SODIS (www.sodis.ch)
considering that candidate countries for water would fulfil the standards for wastewater as well. The upper
end reaches an exclusive artificially-induced level of irradiance, encountered in technical applications, such
as compound parabolic collector reactors (CPCs) (Malato et al., 2007) with concentration ratios higher than

1; this approach will investigate the potential use of such solutions in wastewater disinfection.

The vessels used were Pyrex glass reactors (of total volume 65 mL) were used, containing 50 mL of E. coli-
spiked wastewater. The sampling manner, plating and enumeration methods of cultivable bacteria was
similar to the specific ones described in subchapters 3.1.2 and 3.1.3. For intensities until 1000 W/m?
sampling was performed semi-hourly, while for 1200, 1400 and 1600 W/m?, 20-min intervals were

employed to follow bacterial inactivation kinetics.
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3.2. Disinfection of wastewater: application of a systematic study on solar-inflicted

inactivation

In this section, a systematic study on the variables affecting solar disinfection of a synthetic secondary
effluent are presented and discussed. More specifically, the effects of initial bacterial load, temperature and
light intensity on disinfection are assessed here. The details of the DOE and experimental conditions were
given in sections 3.1.1 to 3.1.4, and the corresponding results are analyzed here.

3.2.1. Dark experiments (0 W/m?) - Effects of reaction time, temperature and initial population in
absence of light

Figure 3.2.1a presents the evolution of bacterial population over time, within the varying initial population
and the corresponding temperature conditions. The figure can be split into two major groups of curves
showing clearly different behavior and their respective sub-groups: i) for temperatures 20-40°C and ii) 50-
60°C. In absence of light, the driving force of the reaction is temperature alone. The initial bacterial
population sets the bar from which the initiation of the thermal impact is observed. The contour plot of the
removal (Figure 3.2.1b, % Process Efficiency) over time and provides an overview with a clear ineffective
area (20-40°C) and a thermal effect one. However, the main effects plot (Figure 3.2.1c.) does not clearly
present the effect of the different temperature ranges and provide a false, rather masked image by the overall
means; time for instance seems to be biased by the different efficiencies noticed in (Figures 3.2.1a and b
and presents quite mild influence in the process, which is not true. Therefore, the graphs are presented

divided according to the temperature range they belong, in Figure 3.2.2.

For the first group of graphs, in Figure 3.2.2a (20-40°C), it can be noticed that there is a slight increase in
the bacterial count. The water matrix supporting the bacterial population is synthetic wastewater and, due
to the existing nutrient sources, growth is expected. This observation is valid for all initial bacterial levels
and within this increase, there are two tendencies present: Firstly, there is a correlation between the
temperature of the reaction and the final bacterial numbers. The 40°C traces are always higher than the
30°C traces and them, always higher than the 20°C traces. This behavior agrees with the fundamental
findings of Johnson and Levin (1946) that attribute higher cell division rates in higher temperatures.
Secondly, there is a statistical observation presented in Table 3.2.1 that generally, higher initial numbers

lead to larger percentile increases of population, when the critical temperature is reached.
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Figure 3.2.1: Main results of non-irradiation experiments for synthetic secondary effluent at different temperatures and initial E. coli populations. (a) Disinfection
kinetic curves. (b) Contour plot of process efficiency vs. temperature and time. (c) Main effects plot (control variable: Process Efficiency)
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Figure 3.2.2: Main results of non-irradiation experiments for synthetic secondary effluent at different temperatures and initial E. coli
populations. (a) 20-40°C kinetic curves. (b) 50-60°C kinetic curves. b-i) Contour plot of the changes in process efficiency vs.
temperature and time from 50-60°C. b-ii) Main effects plot for temperatures 50-60°C (control variable: Process Efficiency)
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Table 3.2.1. — Percentile change of bacterial concentration after 4
h treatment in absence of solar light.

Temperature/Initial

Concentration

20°C 10 2 8 5
30°C 10 24 30 50
40°C 20 50 50 70
50C -100 -96.8 -95.2  -95
60°C -100  -100  -100  -100

This behavior changes radically above 40°C. In the same table (Table 3.2.1.), the curves indicate bacterial
inactivation instead of bacterial growth. E. coli are mesophilic microorganisms, that typically thrive
between 20-45°C (Fotadar et al., 2005). Above this temperature, there is a thermal stress applied to the
cells, altering the cell wall plus damaging the proteins and nucleic acids, leading to easier bacterial death
(Blaustein et al., 2013). This effect becomes more visible (Figure 3.2.2b) as temperature increases from
50°C to 60°C. Treating E. coli within high temperatures can result in total inactivation, as it can be seen for
low initial populations, but slightly more difficult when the initial population is high. Also, temperatures as
high as 60°C lead to fast inactivation. This is attributable to the increased degradation of the vital
components of the cell, by the decomposition mechanisms characterized many decades ago (Johnson and
Levin, 1946; Marr and Ingraham, 1962).

As far as the efficiency of the process is concerned, in terms of removal percentage, a variation in Figure
3.2.2c is seen, which demonstrates the modification of the process, when temperature is increased from 40
to 60°C. Maximum efficiency is achieved at 60°C after 1 h and as the time passes, the thermal threshold is
lower, reaching 51°C, for a 4-h period of treatment. An increase of 10°C achieves dramatic enhancement
in removal rates (up to 75%) and the last 10°C increase ensures total inactivation (Figure 3.2.2d). The
significance of temperature is verified by the P values of the ANOVA table (Table 3.2.2) produced by all
data from MINITAB, which validates the previous results; in order of significance, temperature is the most
important factor that influences the outcome, then treatment time, while the initial population is the least

significant among the three.

3.2.2. 800-W/m? experiments - Effects of reaction time, temperature and initial population for
intensity of 800 W/m?

The second group of experiments utilizes solar energy to inactivate E. coli, with the irradiance of the solar
simulator set at 800 W/m2. The same batch test configurations were used as the control experiments, to
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ensure comparability among the conditions. Many authors have demonstrated that there is a synergistic
action between light and temperature in different media and microorganisms (Wegelin et al., 1994; Petin et
al., 1997; McGuigan et al., 1998; Rincon and Pulgarin, 2004b). This test investigates the light-temperature
interaction in synthetic secondary effluent.
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Table 3.2.2. — ANOVA table for each intensity level.

Process Intensity \ Intensity Intensity
cep. . DF " S§ P oris SS F P ,
Efficiency 0 W/m? | 800 W/m 1200 W/m? |
t 3 1662 554 2.82 0.045 77106 2570.2 1341 O 29034.5 9678.2 31.09 0
T 4 147130 36783 187.52 0 44260.2 11065 57.72 O 15212.1 3803 12.22 0
C 3 772 257 1.31 0.278 51064 17021 8.88 0.2 549 183 0.59 0.625
Error 69 13534 196 13228.1 191.7 21480.2 311.3
Total 79 163098 70305.3 66275.9

Page | 72



Chapter 3. Variables affecting solar disinfection and post-irradiation dark repair in
secondary treated wastewater

Figure 3.2.3a demonstrates in overall the evolution of bacterial population over time, grouped by initial
numbers and temperature of the process. Within 4 h of treatment, samples that were processed at 20°C
demonstrated a continuous decrease of the population. However, as temperature rises to 30°C the remaining
populations are somewhat equal or higher than the respective ones at 20°C. The phenomenon is even clearer
at temperatures around 40°C, where insignificant removal rates are demonstrated and presented in Table
3.2.3. Figure 3.2.3b presents an overview of the efficiency of the process, in which a gap is visible, around
40°C. There is a descending trend until 40°C and then an increase in the efficiency, which is verified in
Figure 3.2.3c; temperature is dominating the process and modifies the outcome of the experiment.
Therefore, once again the two clear groups of graphs are distinguished, according to the large temperature

groups, below and over 40°C.

Within this system there are two opposing forces present that determine the outcome so far. Compared to
the 0-W/m? experiments, first of all, Figures 3.2.3a and 3.2.4a-b light changes the growth phenomenon
observed before. What appears in Figure 3.2.3b-i) as an “island” of low efficiency among the average ones,
is attributed to the 40°C area, which provides with increased metabolic rates and thereby higher remaining
populations. On the one hand, the disinfecting action of light exists, which tends to inactivate bacteria as
seen in 20°C curves (Figure 3.2.4a), with the number of inactivated bacteria vs. initial population increasing
when initial population is increased. On the other hand, submitting the population to temperatures around
37°C, in a nutrient-enhanced matrix as the wastewater, mesophiles, such as E. coli, tend to present their
highest reproduction rates (Dawes and Sunderland, 1976). E. coli belongs to this category and is
encountered in the human gut (Levine, 1975), with the normal human body temperatures being the most
favorable for their growth. Normally, E. coli are inactivated by exposure to 55°C for 1 hour or 60°C for 20
minutes (Charkraborty, 1998). Hence, as temperature is raised in the disinfection process, the two

concurrent actions tend to balance in favor of the reproduction rates, around 40°C.
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Figure 3.2.3: Main results of 800 W/m? experiments for synthetic secondary effluent at different temperatures and initial E. coli populations. (a) Disinfection kinetic
curves. (b) Contour plot of process efficiency vs. temperature and time. (c) Main effects plot (control variable: Process Efficiency)
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Table 3.2.3. — Percentile removal of bacterial concentration after 4h treatment under 800
W/m? light.

Temperature (°C)/Initial

Concentration (CFU/mL

20°C 90.0 88.0 87.5 93.3
30°C 87.0 86.7 68.8 93.3
40°C 47.4 30.0 15.8 25.0
50°C 100.0 100.0 99.9 99.9
60°C 100.0 100.0 100.0 100.0

However, a temperature increase over 45°C would affect E. coli metabolic cycles, and lead to cell death.
Indeed, as it is observed, the 50°C curves (Figure 3.2.4b) after an initial shoulder, a common observation
at solar disinfection processes (Harm, 1980; Sinton et al., 1999; Berney et al., 2006), then present total (10°
and 10* curves) and almost total inactivation (10° and 10° curves). In addition, increasing the treatment
temperature up to 60°C leads to total inactivation of the microorganisms before 60 min, regardless of the

initial bacterial population.

Furthermore, one can notice the synergy between light effects and temperature increase at the graphs, by
comparing Figure 3.2.2 with 3.2.4: First of all, at 50°C without light, only samples with 10° initial
population were inactivated, whereas in presence of light 10 and 10* were totally inactivated and 10° and
10° presented a 3 or 4 logioU reduction instead of 1 or 2 logioU. Secondly, 60°C treated samples were totally
inactivated in less than an hour, slightly faster than in absence of light. Consequently, in the latter case

thermal treatment is the main disinfecting force and light is only complementary.

Speaking in terms of efficiency, Figures 3.2.4a-i and 4b-i, provide information about the effect of each
parameter over the total inactivation capability of the process. In the 20-40°C interval, lower temperatures
seem to favor inactivation with the peak appearing between 20 and 25°C, while treatment time increases
the potentials; the 4" hour contributes in the greatest proportion, adding on the inactivation side of the
balance. Comparing with the equivalent graphs for 50-60°C, temperature increase leads to percentile
inactivation enhancement, while statistically in both cases, initial bacterial population does not seem to
significantly affect the percentage of inactivated bacteria in the process. However, the same actions manage
to inactivate lower bacterial numbers more efficiently (in percentage) but in absolute numbers, removal

increases with higher populations, due to larger numbers’ correspondence of the removal percentage.
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Figure 3.2.4: Main results of 800 W/m? experiments for synthetic secondary effluent at different temperatures and initial E. coli populations. (a) 20-40°C
Disinfection kinetic curves, a-i) 20-40°C contour plot of process efficiency vs. temperature and time, a-ii) 20-40°C Main effects plot (control variable: Process
Efficiency). (b) 50-60°C Disinfection kinetic curves, b-i) 50-60°C contour plot of process efficiency vs. temperature and time, b-ii) 50-60°C Main effects plot (control
variable: Process Efficiency).
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Finally, the ANOVA table reveals the important contribution of time and temperature and the milder one
from initial bacterial population. The P values presented in Table 3.2.2 are also verified by Figures 3.2.4a-
ii and b-ii. It is observed that time almost proportionally increases the total efficiency, while initial
population fluctuates around the average inactivated bacteria. What is more important, is the temperature
effect on efficiency, which presents what was in detail described before; temperature increase enhances
bacterial inactivation, as literature suggested for other water matrices, but only above 40°C. Otherwise, the

disinfection process is delayed by the excessive growth of the microorganisms.

3.2.3. High irradiance experiments (1200 W/m?) - Effects of reaction time, temperature and initial
population for high intensity irradiation conditions

The final experimental part consists of the runs that utilized high intensity illumination. Higher supply of
photons in the system could result in higher possibility of effective hits in the number of crucial areas of
the cell, as described by Harm (1980).

Figure 3.2.5a presents an overview of the disinfection reactions of the varied initial population. The main
and most profound difference between this set-up and the previous ones, is that all samples regardless of
initial population and treatment temperature have been inactivated within the time frame of 4 h. The action
of light was more intense and influenced the outcome of the experiments in cases that was not sufficient
before. Bacteria have now to cope with higher concurrent light and thermal action, which is expressed by
more acute kinetics in the final hour. When the samples were treated at lower temperatures, the disinfection
curves again present a lag-phase or shoulder, but considerably lower, varying from 30 to 120 min, compared
to the minimum 3-h shoulder presented under 800 W/m? irradiance. Figures 3.2.5b and c, present once
more the erratic behavior around 40°C, demonstrated as a lower efficiency area (Figure 3.2.5b) or a mean
decrease (Figure 3.2.5c), however mitigated, compared to the equivalent of 800 W/m? or even the increase

in numbers observed in null intensity experiments.

What is more, the main effects plot of this high irradiation also adds direct information over the main overall
efficiency. All parameters concerned, the addition of light initially increased the efficiency from 35% to
65% (from 0 to 800 W/m?), to reach 80% when high intensity is applied. This is a good indicator of the
robustness of the system, predicting, at some extent, the success of the group of trials. Finally, it is also
shown that the biggest contribution in bacterial inactivation derives from the 1% hour of illumination and
the least, but most important from the application point of view, during the 4™ hour. Plus, the drop in
efficiency around 40°C is also visible, like each previous case but less intense; high irradiance illumination

compensates for the inactivation difference.

Observing Figure 3.2.64a, it is clear that, at 1200 W/m?, the equilibrium between the disinfecting action of
light and the growth-stimulating effect of increasing temperatures changes within the 20-40°C range. After

a 2-3-h shoulder, bacterial numbers fall sharply to total disinfection at the fourth hour. This means the
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disinfecting action becomes higher than the growth force and, as far as the cell is concerned, indeed, the
growth action is present but is no longer in favor of their survival. Also, the contour plot of efficiency over
time (Figure 3.2.6a-i) has a clear area of total inactivation, after 3.5 h, while temperature increase has a

mitigated effect of delay in inactivation, compared to all other cases till now.

For higher temperatures, it is shown that at 50°C, compared to 0 and 800 W/m?, the same process at 1200
W/m? is completed faster, compared with the cases it was completed before, and in total, all cases resolved
to total inactivation. As shown in Figure 3.2.6b, the disinfection kinetics at these particular conditions (1200
W/m?, 50°C) is very sensitive to the initial bacterial concentration, probably attributable to shielding (Craik
etal., 2001) playing a critical role in these runs. At 60°C and 1200 W/m?, complete disinfection is achieved
faster than at 0 or 800 W/m2. Where in absence of light inactivation time was around an hour, at 800 W/m?
slightly less, and now is even less than 30 minutes. Finally, this outcome is common for all initial

populations; all result in total inactivation faster than their respective 800 W/m? curves.

The contour plots of the process efficiency (Figure 3.2.6b-i) indicate clearly the bigger “effective” area of
>99%, and the relatively higher rates; no area lies under 50% bacterial inactivation even after only 1 h. As
treatment time increases the efficiency increases as well, however, the same cannot be observed for
temperature. For instance, at 50°C, only 2.5-3 h are sufficient to achieve total inactivation, demonstrated in
Figure 3.2.6b-ii. Also, from the ANOVA table (Table 3.2.2) it is concluded that the efficiency is highly

correlated only with treatment time and temperature.
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3.2.4. Modeling solar disinfection of secondary treated wastewater with temperature control
As a result of the statistical interpretation of the experimental data, a simplified model can be proposed.
Through the statistical software of MINITAB, a model is suggested, which relates the response factors with
the parameters of the process, in order to further analyze the experimental concept, and help facilitate all

these experimental runs (Rodrigues-Chueca et al., 2012).

In these experiments, the parameters involved in the process were treatment time, temperature, initial
population and light intensity. Furthermore, in order to achieve a decent fitting model, the interactions of
the parameters were used; the first-order model (20-60°C) without interactions yields R? =51.17% (model
not shown). The ANOVA tables have indicated initial population as relatively insignificant; however, it is

chosen to model all the experiments in one equation and include it in the model, expressed as follows:

Process Efficiency (%) = -41.60 - 8.43t+ 1.76 T - 2.20e-005 C + 0.02 | + 0.27 t*T + 5.03e-006 t*C +
0.036 t*I + 3.77e-007 T*C - 7.26e-005 T*I + 6.21e-009 C*| — 6.85e-008 t*T*C - 0.001 t*T*I - 3.42e-010
T*C*I + 4.67e-011 t*T*C*I

S = 24.4245, R%= 65.10%, R>(adj) = 62.93%, PRESS = 150725, R%-(pred) = 60.81%

Figure 3.2.7a demonstrates the level of approach. The R?, as a general indicator of the success of the fit,
gives a 65% of match. In addition, the coefficients and ANOVA table for the model are presented (Table
3.2.4.), confirming the small contribution of the initial population to the model. This figure represents the
240 experiments conducted in these conditions and X axis presents the order of experimental runs, from 1
to 240. Each X value corresponds to an Efficiency value, shown in Y axis. The difference between the
experimental and the calculated value (linear model values) is shown by the distance among the two

corresponding marks. The trends are similar; the values follow the same tendency and are relatively close.

However, following the same principle noticed in the disinfection experiments, splitting the data in two
sets, of lower and equal to 40°C and to higher than 40°C is proposed. Even though the use of interactions
suggests the introduction of the synergies (especially light and temperature) in the model, there exists a
possible danger of over-fitting and un-necessary complexity in a simple concept, like the general linear
model. For the above reasons, a temperature-dependent linear model, without the use of interactions

between the parameters is proposed.
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_ { 421+1047t—0.89T—4.29%x10"°C+ 0.061,for 20 < T < 40°C
—139.68 +8.57t+3.47T—3.34x107°C+ 0.021,for 40 < T < 60°C

First of all, the coefficients are included in Table 3.2.4. The new model has more advantages than the
formerly suggested; the regression standard error (S) is lower, it does not use 2™ level interactions and in
addition, it yields higher R? values. Therefore, it is a simpler and more accurate model, describing in better
extent the evolution of the process efficiency. Figures 3.2.7a and b present in separate plots the experimental
values acquired versus the predicted ones from the model (40°C plotted in both figures for better
demonstration of the temperature evolution). All things considered, this temperature-dependent model is a
good indicator of the tendencies present in solar disinfection of wastewater or an estimating tool concerning

the remaining population within some range, rather than an actual predictor of the efficiency.
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Table 3.2.4. — Summary of the statistical parameters of the full interaction model.

Coefficients Analysis of Variance
Model 1 Coef S T P DF Seq SS AdjSS  Adj MS F P Summary of Model
Constant -41.6006 21.2256 -1.9599  0.0510 14.0 250386.0 250386.0 17884.7 29.9798 0.0000 S =24.4245
t -8.4277 75979  -1.1092 0.2690 1.0 28413.0 734.0 734.0 1.2304 0.2685 PRESS =150725
T 1.7565 0.5057  3.4736  0.0010 1.0 83168.0 7198.0 71979 12.0658 0.0006 R?=65.10%
C 0.0000 0.0000 -0.6980 0.4860 1.0 402.0 291.0 290.6 0.4872 0.4859 R?-(adj) =62.93%
| 0.0178 0.0241 0.7418 0.4590 1.0 84823.0 328.0 328.3 0.5503 0.4590 R?-(pred)=60.81%
t*C 0.0000 0.0000 0.4976  0.6190 1.0 656.0 148.0 147.7 0.2476  0.6192
T 0.2726 0.1815 15023  0.1340 1.0 1801.0 1346.0 1346.3  2.2568 0.1344
t*l 0.0355 0.0085 4.1911 0.0000 1.0 7360.0 10479.0 10478.5 17.5650 0.0000
T*C 0.0000 0.0000 0.4779 0.6330 1.0 26.0 136.0 136.2 0.2283 0.6332
T -0.0001 0.0006  -0.1257  0.9000 1.0 37360.0 9.0 94 0.0158 0.9001
C*l 0.0000 0.0000 0.2742 0.7840 1.0 83.0 45.0 44.8 0.0752 0.7842
t*T*C 0.0000 0.0000 -0.2630  0.7930 1.0 15.0 41.0 41.2 0.0691 0.7928
T -0.0007  0.0002 -3.1913  0.0020 1.0 6122.0 6075.0 6075.4 10.1841 0.0016
T*C*I 0.0000 0.0000 -0.5146 0.6070 1.0 107.0 158.0 158.0 0.2648 0.6073
t**T*C*I 0.0000 0.0000 0.2936  0.7690 1.0 51.0 51.0 51.4 0.0862 0.7693
Error 225.0 134225.0 134225.0 596.6
Total 239.0 384611.0
Model 2 (240°C) Coef S T P DF Seq SS AdjSS  Adj MS F P Summary of Model
Constant 4.2149 7.7882  0.5420  0.5890 4.0 151682.0 151682.0 151682.0 94.3 0.0 S=20.0507
t 10.4743 1.4945 7.0086 0.0000 1.0 19748.0 19748.0 19748.0 49.1 0.0 PRESS = 60045.2
T -0.8980  0.2046  -4.3882  0.0000 1.0 7742.0 7742.0 7742.0 19.3 0.0 R?=73.08%
C 0.0000 0.0000 -1.0770  0.2830 1.0 466.0 466.0 466.0 1.2 0.3  R?(adj) =72.30%
| 0.0588 0.0034 17.5428 0.0000 1.0 123726.0 123726.0 123726.0 307.8 0.0 R2-(pred) = 71.07%
Error 139.0 55882.0 55882.0 402.0
Total 143.0 207564.0
Model 2 (>40°C) Coef S T P DF Seq SS AdjSS  Adj MS F P Summary of Model
Constant -139.6750 12.3560 -11.3042 0.0000 4.0 144740.0 144740.0 36185.0 75.3 0.0 S$=21.9270
t 8.5700 1.6343 5.2435 0.0000 1.0 13219.0 13219.0 13219.0 27.5 0.0 PRESS = 71869.3
T 3.4670 0.2238 15.4915 0.0000 1.0 115385.0 115385.0 115385.0 240.0 0.0 R2=68.41%
C 0.0000 0.0000 -0.7650  0.4460 1.0 281.0 281.0 281.0 0.6 0.4 R2-(adj) = 67.50%
| 0.0210 5.7425 0.0000 1.0 15855.0 15855.0  15855.0 33.0 0.0 R2-(pred) = 66.03%
Error 139.0 66831.0 66831.0 481.0
Total 143.0 211571.0
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3.2.5. Specifications concerning solar disinfection of wastewater

Solar disinfection experiments were conducted under a solar simulator that emits all spectrum from 290 nm
and above, excluding infrared wavelengths, due to the existence of cut-off filters. Therefore, the actions
expected should be attributed UVB, UVA and visible light. In this subsection, a discussion is done of how

these light fractions and some environmental conditions can determine the observed results

3.2.5.1. Inactivation mechanism: Light source and bacterial damage

i) UVB irradiation:

Malatana-Surget et al, (2012) have stated the double action of UVB irradiation; in general, UVB damage
is considered to mainly cause direct DNA damage, through the creation of photoproducts (cyclobutane
pyrimidine dimer and the pyrmidine (6—4) photoproducts) (Hallmich and Gehr, 2010). They also mention
the creation of internal and external reactive oxygen species (ROS) such as hydrogen peroxide (H20-), and
more profoundly, the creation of singlet oxygen (Regensburger et al., 2011). These ROS attack nucleic
acid, proteins and cell lipids (Storz and Imlay, 1999). However, UVB is very often overlooked, although it
has a relatively high contribution in bacterial inactivation. The important impact of UVB inactivation of
bacteria has been stated since 1974 (Setlow et al. 1974), there are very few works that add up to this
wavelength band to attribute part of the bacterial inactivation. Of course, this happens due to the sensitivity
of UVB to meteorological phenomena, but this is far from the present case, and a force two or three orders
of magnitude higher than UVA cannot be overlooked (Opezzo, 2012; Mbonimpa et al, 2012). Also, the
peak of UVB germicidal activity, roughly among 300 and 310 nm, is clearly within the employed range
(Mbonimpa et al., 2012) and according to previous reports, UVB radiation of 313 nm demonstrates an
interaction with the 365 nm, to enhance DNA transformation (Peak et al., 1975; Tyrell and Peak., 1978).
Hence, there is a double UVB action, of DNA strand break, and the creation of ROS which have been

identified to be implicated in bacterial inactivation through oxidative stress.
i) UVA irradiation/near-UV visible light

UVA-induced loss of bacterial cultivability is attributed to the catalysis of the formation of ROS. It is the
least effective irradiation range to damage bacterial DNA directly, but its proven efficiency (Robertson et
al., 2005) comes from the biological effects of internal and external ROS attacks, such as protein destruction
or adducts of nucleic acid with membrane proteins with the bacterial envelope escaping key damage,
towards cell inactivation (Pigeot-Remy et al., 2012). One of the first attacks is the respiratory chain and the
cell’s potential to produce ATP (Bosshard et al., 2010a). Other attacks include internal photo-Fenton
reaction (Spuhler et al., 2010) due to loose cell iron sources, disruption of normal internal ROS suppression
mechanism (SOD, catalase etc.) (Chiang et al., 2012) and others, all related by the ROS production inside
and outside the cell. ROS are normal by-products of bacterial respiratory chain, and bacteria possess a big

number of suppressive mechanisms (Mishra and Imlay, 2012). Hence, UVA damage is an internal/external
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oxidative damage, plus the internal/external photo-Fenton contribution, with measurable effects; an

increase in dose can inflict greater damage (Polo-Lopez et al., 2011).

3.2.5.2. Inactivation mechanism: Influence of the water matrix

There is no disagreement that the majority of the solar disinfection experiments were conducted in distilled
or drinking water, making the inactivation mechanism clear and well established. The main difference of
this synthetic secondary effluent is the added salts and organic components. Marugan et al. (2010) have
explained that during bacterial osmotic stress among the first released ions are calcium and magnesium
ones, while Caballero et al. (2009) stated the importance of organic substances as nutrient sources for
bacteria; therefore, bacterial survival/growth is favored in this matrix. Given the absence of light in the first
group of experiments, growth is normal and expected, and as temperature rises, with a peak around 35-
39°C (according to the discreet choice, 40°) growth will be increased. However, this behavior is expected
to change when the irradiation is present and light is applied to the sample. The presence of organic
substances can induce an indirect stress. They can either be endogenous, like porphyrins, co-enzymes or
cytochromes, or exogenous, synthetical ones, which lead to either internal or external photosensitized
matter. After receiving UV irradiation, this effect can cause indirect photolysis, while the photosensitizers
are in an excited, high energetic state (Matthews, 1991; Dunkel, 1992; Reed, 2004). Other works however,
have demonstrated reduction of cell inactivation, when inorganic and organic compounds were present
(Sichel et al., 2007; Alrousan et al., 2009; Dunlop et al., 2011).

3.2.5.3. Temperature influence and evolution of experiments

As demonstrated in the experimental part, temperature altered the outcome of the inactivation assays in
great extent, from level to level. For this reason, the experiments were divided in two parts, below and over
40°C degrees. Wegelin et al, (1994) reported no differences between 12 and 40°C in water, and Reed (2004)
explained this behavior by the double effect of temperature range. When temperature is increased, growth
is favored, and inactivation as well: Thermally-driven growth is cancelled by oxygen depletion, due to its
lower solubility at higher temperatures. In the experiments presented, growth was favored to a point that
the synergic effect was cancelled, depletion of oxygen did not occur (samples under mild stirring) and
eventually, until the intensity was increased over 1000 W/m?, light alone could not overcome the rapid
growth. Rincon and Pulgarin (2003) suggested the increase in intensity to efficiently remove E. coli, and
also, the effects of physiological bacterial state; the same techniques are adopted to ensure reproducible
results.

When low temperatures were applied, metabolic activity was at its minimum, so the same actions of light

battled against less targets. This, however was not the case in temperatures around 40°C, where excessive

Page | 89



Stefanos Giannakis - Solar disinfection of secondary effluent and the subsequent bacterial
regrowth: considerations, limitations and environmental perspectives

growth was observed, thus providing more targets for incoming photons or ROS. In addition, this excess
growth can lead to extensive shielding from one cell to another (Craik et al., 2001), inducing higher
inactivation rates for increased populations. In the first steps of each experiment, a shoulder is observed,
and this latency effect is due to initial self-defense mechanisms (Rincon and Pulgarin, 2003). As time passes
and new generations of bacteria appear due to high reproduction rates, the new generations are more
resistant to the disinfecting action of light, having endured the exposure of the original cells towards the
actions of light. It has been stated that a greater effectiveness of applying a high intensity for a short time
is demonstrated and preferred, rather than applying a lower intensity for a longer period of time (Sommer
et al, 1998).
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3.3. Bacterial regrowth: the effect of disinfection conditions on the subsequent
dark repair

All samples submitted to 4-h solar exposure tests and presented in section 3.2 were subsequently stored for
24 and 48 h for dark repair evaluation. The experimental conditions of the dark repair tests were presented
in section 3.1.2 to 3.1.4. The results are presented and discussed herein, with a focus on the effect of

disinfection conditions on post-irradiation dark repair.

3.3.1. Post-processing events: Parameters affecting dark survival and/or regrowth after null
irradiation experiments

As far as the post-treatment events are concerned, the behavior of E. coli is divided into two groups: treated
under mild temperatures (20-40°C) or treated in higher temperatures than 40°C. The first group of graphs
presenting the experiments performed in lower temperatures (Figure 3.3.1a), demonstrates a high increase
of the bacterial population, influenced by the pre-treatment conditions. It is clear that the samples treated
at 40°C, present higher dynamics of growth and relatively higher final counts after 24 and 48h. Also, there
is visible influence of the initial population, by which higher initial populations result in higher reproduction
rates after 48 h. In addition, one can notice a gradual decrease in growth rates between the 1 and the 2™
day of storage, probably interpreted by the stress caused by some initial nutrient shortage, due to the

overgrown bacterial numbers.

Figures 3.3.1b and c are the contour plots that visualize all regrowth tests, performed by hourly sampling
in all temperatures and initial population rates. They reveal that there is a correlation between the treatment
temperature and the regrowth after 24 or 48 h (expressed by C4/Co and Cas/Co). These fractions reveal the
regrowth of the bacterial numbers higher than the initial one; if the ratio is <1, then survival is observed,
instead. Lower temperatures present suppressed rates, compared to higher ones. Also, the difference
between the bacterial number after 24 h and 48 h is noticeable, being influenced by the disinfection
conditions, which is expressed in orders of magnitude. Plus, temperatures that initially seemed safer against
regrowth (around 25°C), demonstrate equally high rates. In Figures 3.3.1d and e, the correlation between
treatment time and regrowth is presented; the prolongation of the experiment has a profound effect in the
bacterial numbers observed after 2 days. However, initial concentration cannot be attributed to a direct
effect. In the last sub-graphs which present the main effects of the temperature on regrowth, elevating
temperature during treatment is observed to have a strong and rather linear impact only over 30°C for the

regrowth after one day, and stronger for after two days.

The samples treated under higher temperatures (Figure 3.3.2a) do not present any recovery of the
population; the population, if any bacteria still existed, continued the decay during dark storage. For the

bacterial samples treated at 50°C, although total inactivation was not observed, after 24h no viable counts
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were observed. As it seems, the thermal damage rendered bacteria unable to reproduce; no repair
mechanism was observed to act. The remaining samples, after their treatment at 60°C, presented the same
behavior. Higher temperatures accelerated inactivation, which was total within the 4-h timespan, and no

regrowth was observed thereafter.

Contour plots in Figures 3.3.2b and c, present the survival rates after 24 and 48 hours, for all hourly samples
taken during disinfection. First of all, high regrowth risk (C24/Co and Cas/Co>1) is observed around 50°C
and for 60-90 min of treatment. The survival pattern for the rest of temperatures and time is consistent, for
the two post-treatment days, and slightly more elevated numbers are observed after 2 days. The main effects
plots (Figures 3.3.2 d and e) demonstrate the inverse effect that high-temperature treatment has on regrowth;
as time passes, survival capability is diminishing, and as temperature increases, the same effect is observed.

However, initial population follows a similar pattern from the first to the second day.
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Figure 3.3.1: Main results of non-irradiation experiments for synthetic secondary effluent at among 20-40°C
and all initial E. coli populations. (a) Post-treatment regrowth curves. (b) Contour plot of regrowth after 1 day
vs. temperature and time. (c) Contour plot of regrowth after 2 days vs. temperature and time. (d) Main effects

plot (control variable: Regrowth after 1 day). (e) Main effects plot (control variable: Regrowth after 2 days).
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Figure 3.3.2: Main results of non-irradiation experiments for synthetic secondary effluent at among 50-60°C
and all initial E. coli populations. (a) Post-treatment regrowth curves. (b) Contour plot of regrowth after 1 day
vs. temperature and time. (c) Contour plot of regrowth after 2 days vs. temperature and time. (d) Main effects

plot (control variable: Regrowth after 1 day). (e) Main effects plot (control variable: Regrowth after 2 days).
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3.3.2. 800-W/m? experiments: Effects of 800-W/m? intensity illumination on the parameters affecting
survival and/or regrowth

Figures 3.3.3 and 3.3.4 present the extension of monitoring the bacterial population for 48 more hours after
800-W/m? intensity irradiation is complete. Results are grouped per temperature range (20-40°C and 50-
60°C) and initial concentration of bacteria. It can be deduced that post-irradiation survival is more complex,

compared to the experiments in absence of light.

The first temperature range (20-40°C, Figure 3.3.3) presents elevated (re)growth/survival rates; since there
is no total inactivation taking place (i.e. zero viable counts), the recovery of the bacterial numbers could be
attributed to i) live bacteria that continued replicating, ii) bacteria that recovered their DNA lesions by dark

repair methods, and growth of the revived bacteria (Guo et al., 2011).

The contour plots (Figure 3.3.3b and ¢) demonstrating the bacterial population after 24 or 48 h, reveal an
interesting behavior, as far as the influence temperature is concerned. Although the temperature range of
40-50°C includes a breaking point, where bacterial disinfection is drastically changing, it appears that 30°C
is the most critical for regrowth. First of all, after 24 h, regrowth is not probable, and only occurred from
samples treated around 3-4 h and 30-40°C. Samples that were treated in low temperatures and for short

time, present low counts after 24 h.

Normally bacteria in samples that remain for longer time under illumination tend to get more inactivated,
as it is shown in Figure 3.3.3a. However, prolonging their treatment in this favorable temperature promotes
multiplication and therefore, new strains, that gain resistance against solar irradiation in conditions of
exposure to (visible) light (Hijnen et al, 2006; Nebot Sanz et al, 2007; Shang et al, 2009). This bacterial
ability is a heritage of evolution through time, to protect themselves from the natural ultraviolet rays from
the sun (Quek and Hu, 2008).

As a consequence, higher remaining populations led to higher survival rates from the bacteria. Although
Lindenauer and Darby, (1994) supported that no significant correlation exists between regrowth and the
initial number of coliforms in wastewater, at any dose; they found out that in low doses, the surviving
coliforms affected the reactivation rates. Craik et al. (2001) explained this noting that if the initial
population is high, there is a big chance that there will be a part of it going through unharmed due to

shielding (by each other) and bad mixing.

After 48 h, a change in the effect takes place; in Figure 3.3.4c, samples treated in lower temperatures and
for shorter times, demonstrate higher regrowth rates and samples presenting regrowth in the first 24 h,
showed 5-fold lower rates during the second 24-h period. This is clearly demonstrated in the main effects
plot, where treatment times reveal inverse action, and 30°C reveal their statistical significance in regrowth.
This can be explained, mostly by the action of light; samples that were treated for a short time accumulated

a relatively low dose, and were able to recover their cultivability, whereas samples that were treated in high
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temperatures (and showed high regrowth), remained for a long time under illumination, and their repair

capabilities were diminished.

The behavior of bacteria that were treated in high temperatures is more straightforward (Figure 3.3.4). First
of all, almost no regrowth is observed; all values for C24/Co and Cas/Co are <1. Hence, it can be deduced
that it is crucial to obtain null bacterial counts at the end of the experiments (total inactivation) in order to
avoid their re-appearance. The combined action of light and temperature, and the joint actions are proven
to be not only more efficient, but hinder re-population as well. Regarding the Figure 3.3.4b and c, that
picture bacterial survival after 24 and 48 hours, there is one point worth commenting; the highest survival
rates have appeared around 1.5-2 h, but low for sure. This is explained by the influence of the type of
concurring actions in the batch tests employed in this study: there is an equilibrium between growth and
inactivation, and it appears to bend in favor of inactivation, at this time point, for 50°C. Beyond this time
mark, inactivation is higher, and as inactivation negatively influences regrowth, lower rates are observed.
Finally, in the main effects plot in Figures 3.3.4d and e, temperature and time have a straightforward effect,
where prolongation of treatment equals to regrowth suppression; this is considered normal, since higher

experimental times assists both bacterial protein damage and light inactivation.

3.3.3. High intensity experiments (1200 W/m?): Effects of high intensity illumination on the
parameters affecting survival and/or regrowth

In Table 3.3.1 the total inactivation achieved after 4 h in all samples has been demonstrated, in all
temperature ranges and initial population, at 1200 W/m?2. As it seems, apart from the contribution of
temperature the beneficial effect of switching from thermal to light/thermal treatment was verified, now it
is evident that light has a significant, additional role in bacterial inactivation (Ubomba-Jaswa et al., 2009);
for the same temperature levels and initial bacterial population in the samples, the outcome was altered
when intensity was increased from 800 to 1200 W/m?. The synergy of light and temperature has reached
the maximum inactivating action (among the presented cases), leading to null bacterial counts, at the end

of the treatment, for another 2 days.

Page | 96



Chapter 3. Variables affecting solar disinfection and post-irradiation dark repair in

secondary treated wastewater

10000000
Regrowth Graph 800 W/m-2
— = 20°C-10"3
1000000 = 30°C - 1013
—ol= 40°C-10"3
+ 20°C - 1074
100000 30°C-10M
—4@— 40°C-10M
_ —Jl— 20cCc-10%5
a . A
g 10000 30°C - 1075
5 —J— 40°C-10%5
5 —@— 20cC-10%
= 30°C - 1076
3 1000 . N
s —@)— 40°C-10"6
100
10
1 A\
1 T T T W T a)
0 1 2 3 4 24 48
Time (h)
Contour Plot of C24/C0 vs Temperature (°C); Time (h) Contour Plot of C48/C0 vs Temperature (°C); Time (h)
354
g g
F i
£ 30 £
@ I}
o o
£ £
I [
251
201% 15 2.0 2.5 3.0 35 4.0 b) 1.0 15 2.0 2.5 3.0 35 4.0 C)
Time (h) Time (h)
Main Effects Plot for C24/C0 Main Effects Plot for C48/CO
Data Means Data Means
0.9 Time (h) Initial Population (CRU/ mL) Time (h) Initial Population (CFU/mL)
! 164
0.81 /’,4. /\\ o \
0.7 3 \
0.6 // / — \,\ T
8 g
< 054 =
S T T T T ; T T T g 0 T T T T ; T T T
o 1 2 3 4 1000 10000 100000 1000000 = 1 2 3 4 1000 10000 100000 1000000
§ o Temperature (°C) s Temperature (°C)
= = 16
0.8 124
0.7 /\‘ .
0.6 / al \
d | )

20 30 40

20

Figure 3.3.3: Main results of 800 W/mZ2-irradiated experiments for synthetic secondary effluent at among 20-
40°C and all initial E. coli populations. (a) Post-treatment regrowth curves. (b) Contour plot of regrowth after
1 day vs. temperature and time. (c) Contour plot of regrowth after 2 days vs. temperature and time. (d) Main
effects plot (control variable: Regrowth after 1 day). (e) Main effects plot (control variable: Regrowth after 2

days).
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Figure 3.3.4: Main results of 800 W/mZ2-irradiated experiments for synthetic secondary effluent among 50-60°C

and all initial E. coli populations. (a) Post-treatment regrowth curves. (b) Contour plot of regrowth after 1 day

vs. temperature and time. (c) Contour plot of regrowth after 2 days vs. temperature and time. (d) Main effects
plot (control variable: Regrowth after 1 day). (e) Main effects plot (control variable: Regrowth after 2 days).
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Table 3.3.1. — Inactivation efficiency % (at the end of each treatment method).

Population (CFU/mL) /

M})erature(f)—

20°C (% growth) 10 2 8 5

30°C (% growth) 10 24 30 50

0 W/m? 40°C (% growth) 20 50 50 70
50°C 100 96.8 95.2 95

60°C 100 100 100 100

20°C 90 88 875 93.3

30°C 87 86.7 68.8 93.3

800 W/m? 40°C 47.4 30 15.8 25

50°C 100 100 99.9 99.9

60°C 100 100 100 100

20°C 100 100 100 100

30°C 100 100 100 100

1200 W/m? 40°C 100 100 100 100

50°C 100 100 100 100

60°C 100 100 100 100

When moderate light (800 W/m?) was applied and the conditions favored disinfection (all cases of 60°C
treatment and 10°-10* at 50°C) no regrowth was observed. Common denominator in all cases was a null
bacterial count active at the end of the process. Therefore, it is expected that no regrowth will be observed.
Figure 3.3.6a demonstrates the post-treatment phenomena, after the illumination of the varied population

samples subjected to the different process temperatures.

In the previous cases, only the outcome after the end of the treatment is plotted, for clarity. However, the
contour plots of Cz/Co and Css/Co (Figure 3.3.6a, b, 3.3.7a,b) contain information, for the fate of the
microbial population at each hour and level of population and temperature. There are only two combinations
that led to regrowth, deriving from samples that were irradiated for only 1 h, around 20 and 40°C and of
high risk are the next 30 min for all temperatures. In this case, there is shortage of dose accumulation from
the cells, so the reactivation is highly probable. This is reflected in the regrowth rates in day 2, with the

excess growth effects around 40°C playing the most important role in regrowth appearance.
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Figure 3.3.6: Overview of the 1200 W/m?2-irradiation experiments, among 20-40°C and all initial E. coli populations. (a) Contour plot of regrowth after 1 day vs.
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plot (control variable: Regrowth after 2 days).
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The effect of time, demonstrated in the main effects plots (Figure 3.3.6¢ and d) is in favor of bacterial
inactivation; firstly, prolonging the samples in such high intensities renders bacteria unable to recover or
deploy defense mechanisms, because the incoming photonic rate is very high to cope with. Also, after 2 h
of treatment, C.4/Co and Cas/Coare less than 1, and therefore, no regrowth is observed. Finally, temperature
produces the same obstacles stated in the previous section, against inactivation, but high intensities

overcome this effect.

The most effective combination, of high intensity and elevated temperatures, is demonstrated in Figure
3.3.7, and shows a very low survival potential and also, for the first time, it is decreasing from day to day.
The surviving populations are very low in and in condition unable to recover neither their numbers nor their
cultivability and decay day by day. The main effects plots (Figure 3.3.7c and d) demonstrate the negligible
differences time and temperature have in survival. However, both main effects plot between 20°C-40°C and
40°C-60°C allow a good comparison on the effect of light intensity, if compared with the respective ones
of 800 W/m? and 0 W/m?. It is clear that although temperature has a strong effect, it affects (re)growth
indirectly, through cell growth effects and thermal inactivation. Temperature on the other hand shows that
it is the main active force leading to suppressed risk of bacterial re-appearance. For 800 W/m?, repair was
possible, whereas for 1200 W/m?, even after 1-2 h of exposure, bacteria have lost their ability to perform

dark repair of their damage.
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Figure 3.3.7: Overview of the 1200 W/m?2-irradiation experiments, among 50-60°C and all initial E. coli populations. (a) Contour plot of regrowth after 1 day vs.
temperature and time. (b) Contour plot of regrowth after 2 days vs. temperature and time. (c) Main effects plot (control variable: Regrowth after 1 day). (d) Main effects
plot (control variable: Regrowth after 2 days).
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3.3.4. Disinfection efficiency vs. bacterial regrowth

Among others, Guo et al. (2011) and Craik et al. (2001), have suggested the possible states of bacteria in
the post-treatment periods, i.e. either non-cultivable bacteria or intact ones that escaped irradiation (and an
intermediate state). In any case, when bacteria are present in the dark part of post-treatment period, they
can recover their numbers through the dark repair mechanisms. This work has employed plating to measure
cultivable bacteria, therefore regrown or surviving bacteria are treated as one, cultivable entity. Also, it was
rather avoided suggesting an influence of the initial bacterial population, because of the lack of a
straightforward correlation or tendency. Each population level withholds its own special effect; for instance,
initial population of 10° bacteria encounter more available nutrients per cell and initial population 10° offer
higher chances of aggregation and shielding; in both cases, surviving bacteria are offered an enhanced
possibility of (re)growth. Therefore, in order to be able to correlate the influence of starting bacterial
population in the regrowth period, some statistical indicators were used. A main target was to homogenize

results, regardless of initial population, to aid the overall robustness of the treatment.

First of all, Figures 3.3.8a and b demonstrate the correlation between the efficiency of the disinfection
process, for all possible treatment times (1 to 4 h) and the consequent regrowth, for samples that have been
treated in low (20°C<T<40°C) or high temperatures (40°C<T<60°C). The A traces reveal the population
after 24 h while the A traces, after 48 h, expressed as the fraction of bacteria/initial population, for
homogenization of the 20°C<T<40°C results, regardless of initial bacterial numbers. It is observed that in
overall, the population after 48 h is tending to be higher than the population after 24 h. It also appears that
as efficiency increases, the samples without regrowth are increasing (line indicating Cz44s/Co ratio=1), and
a tendency to reduce their regrowth potential, according to the percentage of efficiency increase. However,
for higher temperatures, the significant absence of regrowth after 24 h (trace: #) (line indicating Cz44s/Co
ratio=1) and the suppression of growth after 48 h (trace:*), compared to the lower temperatures is
observed. Hence, treating in higher temperatures is detrimental in both short and long-term storage of the

treated samples.
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Figure 3.3.8: Statistical interpretation of regrowth vs. disinfection efficiency. (a) Efficiency vs. Regrowth after
1 day. (b) Efficiency vs. Regrowth after 2 days. (c) Cultivable bacteria at the end of the treatment period (1-4
h) vs. Regrowth after 1 day. (d) Cultivable bacteria at the end of the treatment period (1-4 h) vs. Regrowth
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Furthermore, the cultivable fraction of bacteria left at the end of the process is calculated and plotted against
the population after 24 and 48 h, for both low (Figure 3.3.8c) and high temperatures of pre-treatment (Figure
3.3.8d). Figure 3.3.8c demonstrates a constant live bacteria/initial population ratio fluctuating around 1
after 24 h of treatment (trace: @), but the bacterial numbers after 48 days (trace: @) seem to decrease, as the
live fraction increases; lower populations would be expected when the live fraction is lower. This is
interesting, for it indicates that the correlation between the pre-treatment and regrowth is not limited to the
cultivable fraction at the end of the given treatment time (1 to 4 h), but is linked to the treatment method.
This indicates that the correlation between the pre-treatment and regrowth is not limited to the cultivable
fraction at the end of the given treatment time (1 to 4 h), but is linked to the treatment method. For instance,
a low surviving fraction, deriving from a short-treatment time in low intensity is very susceptible to
regrowth. The opposite statement, for higher light intensities and low temperatures to expect low regrowth,
is validated as well. Special mention should be made at the non-treated samples (live fraction = 1) that
always present regrowth. In contrast, in Figure 3.3.8d plotting the higher temperature experiments, there is
no live fraction encountered at 100%, but less regrowth after 24 (trace:®) and 48h (trace: ™) is observed.
Also, a higher number of experiments present near-zero regrowth, compared with the low-temperature
experiments. Even samples that presented 90% live bacterial fraction present diminished numbers, with

obvious positive effects of high temperature in suppressing regrowth.

Finally, Figure 3.3.9 presents an estimation of the bacteria carried from the end of the treatment time after
24 h and from these ones, after 48 h. On X axis the final live fraction of bacteria after 24 h is plotted, due
to the bacteria at the end of time i (i=1-4 h) per initial concentration and on Y axis the respective ones for
48 h storage. This ratio assesses the transferability of bacterial growth from day 1 to day 2 and expresses

the fate at the end of the treatment time; i.e. values >1 indicate higher numbers after 48 h, due to the live

fraction in 24 h. Mathematically, this ratio is C24/Co or Cas/Co
Ci/Co Ci/Co

, and is expressed as C2/Ci or Cus/Ci,
respectively. As it seems, the transferability from day 1 to day 2 is strongly influenced by the treatment
temperatures during the experiment; for low temperatures 20°C<T<40°C, the same fraction of cultivable
bacteria after 1 day can yield higher fractions after 48h (trace: ®) than the respective 40°C<T<60°C ones
(trace: ). For example, 24-h ratios of 1 or 10 can result in much higher ratios (up to 1000) after 48 h. It is
shown that i) there is no repair on the damages inflicted by temperature and ii) the synergistic action of
light and temperature ensures low transferability from the surviving fraction. The dominant trend existing
in regrowth is also expressed by the logarithmic equations and the possibility of increased appearance after

2 days is reflected by the constants of the equations which describe that trend.

In overall, there is a lighter regrowth risk when high temperatures of treatment are applied. However, this
condition is not always applicable, when it comes to the existing solar disinfection techniques. In that case,
either higher light intensities must be accounted for, low (around 20°C) ambient temperatures or maybe,
prolongation of the exposure time can compensate the risk of remaining bacteria in the solution. In this

manner, either light action will be enhanced, bacterial division will not be favored or extended damage will
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be inflicted, to ensure low live fractions at the end of the treatment; it was proved that this condition,

regardless the pre-treatment condition, is a precursor of the bacterial numbers in short or long term storage

of water.
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Figure 3.3.9: Transferability of live bacteria through the post-irradiation treatment period. Regrowth after 24 h
out of the live fraction subjected to i hours of treatment (i=1-4 h) vs. Regrowth after 48 h.
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3.4. Relevance of dose in solar disinfection of wastewater

The experimental results of sections 3.2 and 3.3 are processed here to obtain curves base on irradiation
dose, in order to evaluate the significance of dose and the reciprocity law for both inactivation and
subsequent dark repair. When examining the disinfection results in more depth, the importance of

considering temperature as a key factor in intensity and dose studies is necessary.

3.4.1. Dose influence and disinfection in temperature controlled experiments
Figures 3.4.1 (a-h) demonstrate the disinfection curves for each initial temperature range and each
temperature level, as a function of dose. A stepwise increase of temperature, for all initial population levels,

reveals the following:

e At 20°C treatment temperature: the same dose is more efficient if it derives from lower irradiation

intensities (continuous vs. dashed line).

e For treatment temperatures around 30°C the same tendency in the experiments is observed

(exception: 30°C-10° CFU/mL, probably a statistical error, 1 case out of 240 or 0.42% deviation).

e At 40°C: the disinfection kinetics starts to change. There is faster initial inactivation rate for low
intensities, but as dose increases, for the same dose, higher intensities are more effective; for a

given dose lower intensities cannot cope with the growth observed in the matrix.

e At 50°C treatment temperature: Higher intensities, for the same dose, seem to inactivate bacteria

faster than the respective dose, resulting from lower intensities.

e At 60°C: initially, the reciprocity law seems to be applicable. However, it is not possible to fully
evaluate the reciprocity law, because there is only two points per curve, both yielding total
inactivation. The exact dose required for total inactivation cannot be calculated, because the
sampling time (30 or 60 min, because of the chosen levels of the design) resulted too long to notice

the real difference in an almost purely thermal-driven system.

Normally, the reciprocity law should be applicable, according to Peak and Peak (1982), because all our
intensities were higher than 750 W/m2. Even, Bosshard et al. (2009) validated reciprocity law for less than
750 W/m? (400 W/m?2), but for Shigella flexneri and Salmonella typhimurium. Also, Berney et al. (2006),
working in our high-temperature range, did validate the reciprocity law. However, this study has shown
very different results, with significant deviations from reciprocity at low and high temperatures, but in

opposite directions.
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Figure 3.4.1: Overview of the disinfection experiments. On the left side: experiments with 20sT<40°C and 40<T<60°C on the right. (@) and (b): 10 CFU/mL. (c) and (d):
10* CFU/mL. (e) and (f): 10° CFU/mL. (g) and (h): 108 CFU/mL.
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3.4.2. Dose influence and regrowth in temperature controlled experiments

Trying to summarize these effects and extend beyond disinfection, to regrowth, in Figures 3.4.2 (a-f) the
effects on disinfection and regrowth are presented, according to the dose and the respective intensity that
produced it. However, having noticed this dual, temperature-dependent behavior in disinfection and
regrowth, results are presented per temperature range (Figures 4.3.2a, 2c and 2g for 20-40°C, 2b, 2d and 2h
for more than 40°C). In fact, the tendencies observed were worth analyzing one step further: for low
treatment temperatures (Figure 3.4.2a) dose has different effect when it derives from high fluence or low
one. It was noted that for the same dose, generally lower intensities were more efficient. However, it is
observed here that in very high doses, this difference is party mitigated. Figure 3.4.2b demonstrates the
changing effect temperature has in efficiency. Doses which were achieved from low irradiation intensities,
do not differ significantly from the ones acquired from high intensities, but are clearly more efficient
(differences along X axis).

Concerning the regrowth of the microorganisms, the results are more significant; in Figure 3.4.2c the effect
intensity has on short-term storage is presented; low dose-high intensity experiments seem to result in
higher bacterial numbers than low dose-low intensity experiments, for treatment temperatures between 20-
40°C. This is consistent with the disinfection trend observed at low temperature. Moreover, these results
partly agree with the findings of previous researches, where UV A-irradiated cells were not able to regrow
(Bosshard et al., 2009; Oates et al., 2003 and more), because the inflicted dose was non-lethal. However,
samples that were fully inactivated did not demonstrate regrowth. In higher temperatures (above 40°C),
thermal action seemed to mitigate this effect, presenting much lower bacterial survival rates, which decrease
normally when dose increases and are also slightly higher for low intensities. As far as long term storage
(48-h) is concerned, consistent behavior in the two temperature levels was demonstrated: the same dose
was more effective in suppressing bacterial growth when it derived from higher intensity levels. However,

when samples were treated at low temperatures, the regrowth potential was considerably higher.

Summarizing the aforementioned analysis, it seems both axes, of disinfection and regrowth have to be taken
into consideration in solar treatment studies, respecting the behavior of the involved microorganisms. Since
it is relatively difficult to achieve high intensities in real applications, the lower margin is of higher practical
interest. The disinfection part is more straightforward: it is positive that even lower intensities were efficient
in inactivating bacteria. However, regrowth suppression would require higher doses, to counterbalance the

loss of efficient regrowth suppression inflicted by heat.
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Figure 3.4.2: Overview of the experimental results under the prism of dose/intensity. (a) Contour plot
of the Process Efficiency vs. Intensity and Dose, for 20sT<40°C. (b) Contour plot of the Process
Efficiency vs. Intensity and Dose, for 40<T<60°C. (c) Contour plot of the Regrowth after 24 h vs.

Intensity and Dose, for 20<T<40°C. (d) Contour plot of the Regrowth after 24 h vs. Intensity and Dose,

for 40<T<60°C. (e) Contour plot of the Regrowth after 48 h vs. Intensity and Dose, for 20sT<40°C. (f)
Contour plot of the Regrowth after 48 h vs. Intensity and Dose, for 40<T<60°C.
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3.5. Modeling bacterial disinfection and dark repair assessment

In this section, the experimental results presented in subchapters 3.1.5 are elaborated, which assess the

effect of irradiance and time on disinfection and dark repair; the findings are discussed here and

mathematically modeled. A systematic investigation of the effects of 9 intensity levels and their

corresponding Kinetics, as well as the subsequent survival/regrowth are presented in detail.

3.5.1. Simulated solar light disinfection experiments: Bacterial inactivation as a function of the light

intensity

Figure 3.5.1 (i) illustrates a synopsis of all the disinfection experiments conducted under simulated solar

light. Batch tests were conducted, exposing E. coli dispersed in wastewater to solar light in a range of

intensities from 500 to 1600 W/m?.
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Figure 3.5.1: Solar disinfection experiments under discrete irradiation intensities at laboratory scale. (a)
Synopsis of the experiments. (b) Low intensity experiments (500-700 W/m?). (c) Medium intensity
experiments (800-1000 W/m?). (d) High intensity experiments (1200-1600 W/m?).
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For analysis and clarity reasons, intensity levels will be divided as low (Figure 3.5.1-ii), medium (Figure
3.5.1-iii) and high (Figure 3.5.1-iv) intensity levels. Figure 3.5.1-ii) sums the low intensity experiments,
where some distinct phases can be observed. First of all, the bacterial population does not decrease until
the 3" hour of continuous illumination, presenting an initial shoulder, as it was proposed by many works
(Berney et al., 2006; Ndounla et al, 2013; Giannakis et al., 2013). In addition, in the pre-mentioned works,
this shoulder was not (or was mildly) accompanied by an increase in bacterial population. A fluctuation is
visible, reducing with increasing intensity. Literature suggests that this phenomenon is attributed to i)
photoactivation of previously non-cultivable bacteria (Rincon and Pulgarin, 2007b), ii) an initial adaptation
phase for bacterial population in the new dilution medium and iii) the growth of bacteria which is supported
by this medium (Caballero et al., 2009; Marugan et al., 2010); the presence of nutrients and ions enhances
bacterial growth, and bacteria which have not been lethally damaged by the action of light are able to

reproduce and compensate for the lost numbers.

Afterwards, the initial shoulder is followed usually by a linear (in logarithmic plot of results) decay period.
This phase fits to the behavior suggested by Geeraerd et al. (2000). Within the log-linear inactivation phase,
there is a second delay phase towards its middle, which has been encountered again in literature (Fabriccino
and D’Antonio, 2010). The authors suggested that the synergy between temperature and light action
(McGuigan et al., 1998) was able to inflict the final damage and totally inactivate bacteria. This second
delay is decreasing with increasing intensities, fact that leads us to believe that it is dose related, since
temperature was always lower than 40°C in these trials, and neither thermal inactivation nor synergetic
actions are expected. Finally, a clear correlation between the exposure time needed for total inactivation
and the intensity can be seen, with higher intensities decreasing significantly the demand for exposure up

to 55% for a 200 W/m? increase in intensity.

What is introduced here, in Figure 3.5.1-iii, as medium intensities, are the most desirable real solar
intensities expected in field disinfection applications. Firstly, compared to the low intensity experiments, it
is seen that the shoulder length is greatly reduced to 90-120 min. Higher photon flux in the same system
leads to more efficient disinfection, according to the multi-hit theory of Harm (1980). There is a certain “n”
number of hits a cell must receive in specific critical points in order to get inactivated. Berney et al. (2006)
have identified the targets, and therefore, the intensity increase is linked to increasing effective hits in the
system. Also, the second lag period is almost (800 W/m?) and totally (900, 1000 W/m?) suppressed. There
is a possibility of an adaptation of the bacterial strains that grow under low irradiation conditions (Berney
et al., 2007) which could be linked with the demonstration of the second lag phase. However, increasing
intensity at these levels is lethal, rather than beneficial. Finally, increasing intensity from 800 to 1000 W/m?
influences the exposure time necessary for total inactivation, with approximately 22% less require time
visible. So far, increasing from doubling the intensity (500 to 1000 W/m?) leads to halving the exposure
time (420 to 200-210 min).
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The last sub-graph (Figure 3.5.1-iv) presents the highest end of intensities employed in the study, from
1200 to 1600 W/m?. Increasing intensity continued to decrease the shoulder length, to a minimum of
approximately 80 min, followed by acute log-linear decrease within the next 60 min after the shoulder is
finished. In this case, the equilibrium set between the growth forces and the disinfecting action of light is
turned against survival very fast, indicating a possible minimum dose required for initiating the decay
phase, as also suggested by Sichel et al. (2007) and Ubomba-Jaswa (2009). In total, increasing the intensity
from 500 W/m? to 1600 W/m? has inflicted dramatic change to the necessary exposure time, with the initial
420 min being reduced to (approximately) 130 min, which equals to 70% less time necessary. This decrease
is very important, if the residence times for an application are concerned, and would lead to smaller, more

feasible constructions, if high intensities were achieved.

3.5.2. Modeling of the inactivation data

Table 3.5.1 presents analytical data concerning the parameters of the models. The two models were
explained and presented in Chapter 3.1.5.1. In order to diminish any small differences in initial population,
data were normalized prior to fitting. As far as the shoulder log-linear model is concerned, the fit
approximation is very good (average R?: 97.3%) with very low MSE. Also, the decreasing tendency in the
length of the shoulder (SI) is confirmed while in the same time kmax iS increasing, and a systematic
underestimation of the initial population is noticed, which does not affect the results significantly. For the
Weibull model, a decreasing delta value is also seen, which is related with the delay of the decay phase.

The results of the fit are equally good (average R% 96.9%), and the MSE is also low (0.13).

When explaining the experimental results, a decrease in the shoulder length was noted and the inactivation
time in total, as intensity increased. This change is reflected to the selected models as well. Figure 3.5.2
presents the changes intensity causes to the shoulder length, to kmax, to delta and p values of the two models.
First of all, in Model 1, plotting the shoulder length versus intensity provides details on their almost linear
dependence. In every case a linear fit proves this correlation for the suggested fit parameters in terms of
intensity, although in the case of kmax and p the actual measurements fluctuate around the calculated value,

suggested by the fit.

The most important suggestion these linear models provide us with, is the correlation between the fitting
parameters and the intensity levels. Since all the parameters in the fits can be expressed as a function of the
intensity, the survival models can become bi-parametric functions of the exposure time and the intensity,
thus simplifying the conception of the models, while correlating directly with the experimental conditions.
When setting up an experiment, there is an initial population subject to a certain time of solar exposure at
an intensity. Even if these constraints are not constant, the accumulated dose could be a good alternative to

be inserted and generalize the mathematical expressions.
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Figure 3.5.2: Modification of the shoulder (a) log-linear and (b) Weibull distribution models’
parameters, Sl, kmax, delta and p, as a function of the irradiation intensity.
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Table 3.5.1. — Modeling details and analysis of fit for the shoulder log-linear and Weibull distribution model.

Shoulder log-linear survival model Weibull distribution survival model
Intensity | Sl kmax LogNo MSE RootMSE R? R?(adj)| & p LogNo MSE RootMSE R? R?(adj)

500 211.72  0.07 598 0.0764 0.2764 0978 09754 | 22445 297 6.1  0.1824 0.427 0.9475 0.9413

600 196.49 0.1 599  0.0548 0.2341 0.9856 0.9837 |207.36 3.99 6.08 0.1417 0.3764 0.9628 0.9578

700 151.76  0.12 6.05 0.0571 0.239 0.9873 0.9854 | 155.1 344 6.22 0.2381 0.488 0.9471  0.939

800 129.77 0.12 5.67 0.0456 0.2137 0.9874 09853 | 133.7 3.07 587 0.0551 0.2347 0.9848 0.9823

900 137.31 0.18 5.76  0.0896 0.2993 09754 0971 |137.21 425 593 0.0974 0.3121 0.9733  0.9684

1000 12545 0.15 5.69  0.0996 0.3155 0.9725 0.9676 | 12553 348 5.89 0.0455 0.2132 0.9875  0.9852

1200 11564 0.21 5.89 0.2971 0.5451 0.9272 0911 | 12206 4.3 595 0.1198 0.3461 0.9706  0.9641

1400 77.77 0.2 591 0.1893 0.435 0.9596 09481 | 87.32 3.73 597 0.0525 0.2291 0.9888  0.9856

1600 83.52 0.25 5.83  0.0868 0.2946 0.9852  0.981 8281 353 6.02 0.2293 0.4789 0.9609  0.9498

Average | 1366  0.16 5.86  0.1107 0.317 09732 09676 | 141.73 3.64 6 0.1291 0.345 0.9693  0.9637

St. Dev. | 4521  0.06 0.14  0.0817 0.1073 0.0195 0.0243 | 48.08 047 011 0.0745 0.1062 0.016  0.0182
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3.5.3. Solar wastewater disinfection and dose dependence without temperature control

The analysis of the kinetic models fit before have indicated the mathematical expressions describing solar
disinfection of wastewater, according to the intensity acquired in the solar simulator. There is however a
need to standardize somehow the photon energy that the system needs in order to be sterilized. Rincon and
Pulgarin (2004a) have spoken about the need to standardize the results in order to achieve comparable
results among the researches in field trials for drinking water. They have put the dose under question, and
decided that it is not an appropriate indicator for efficiency. In the same wavelength, Ubomba-Jaswa et al.
(2009) in drinking water, Ndounla et al. (2014) in photocatalysis and many others, have all conducted
experiments at different times during the day and have concluded, in summary, that in general, the same
dose has the same effect when it is a result of high intensities. This suggests a shorter exposure at higher

irradiance to achieve better disinfection results.

In these experiments, since the irradiation is constant and the measurements are frequent, the kinetic figures
can be converted to Population vs. Dose ones. Figure 3.5.3 presents the normalized disinfection results
presented in Figure 3.5.1, but in terms of dose. In Figure 3.5.3a, it is noticed that all the range of intensities
requires approximately the same amount of energy from the sun in order to achieve total disinfection (i.e.
zero viable counts) around 3200 Wh/m? (range: 3100-3700). Since the sampling intervals were 30 min
under 1000 W/m? and 20 min over 1200 W/m?, there are some differences observed, mostly due to the long
intervals between sampling. In any case, in 8 of 9 conditions total inactivation is achieved with a dose
between 3150 and 3500 Wh/m?2. The 500, 600 and 700 W/m? plots originally present a fluctuation over and
under the initial population. Since the percentage of removal is presented in Figure 3.5.3b, the results (time

periods) over the initial population are negative, and therefore excluded from the graph.

Modeling with GInaFiT provides also information for the estimated time for 4-log reduction (99.99%)
necessary for every model. Table 3.5.2 summarizes the necessary times for this removal, where for both
models the times are very close. In fact, as intensity increases the models estimate closer required 4-log
inactivation times. Knowing the intensity that caused the inactivation, the necessary dose for 99.99%
disinfection can be calculated. As it seems, the final dose is affected by the sampling interval, but in general,

a dose around 3000+200 Wh/m? results in 4-log reduction of the population.
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Figure 3.5.3: Normalized solar disinfection results, over the accumulated dose per intensity
level. (a) Population vs. Dose and (b) Disinfected population percentage vs. Dose

These findings contradict with the literature suggestions for photocatalytic doses, as well as the natural
measurements for solar water disinfection. The constant supply of light leads to adaptation of the population
on the stress conditions (Berney et al., 2007). Also, there is promoted growth due to the support offered by
the water matrix, and new generations of bacteria that derive from stressed ones are more prone to survive

the light impact (Quek and Hu, 2008). However, this effect is diminished as intensity increases.

In Figure 3.5.3b the percent of bacteria eliminated due to each intensity level versus the dose are shown.
Although most of the kinetic curves display directly a reduction in the bacterial numbers since the beginning
of the process, the curves of 500, 600 and 700 W/m? present a decrease in numbers, then reverse effects
and, afterwards, continuous and monotonous inactivation, as explained in the fluctuations in Figure 3.5.1.
However, even in these low intensities, there is an energy threshold that initiates permanent inactivation,
around 1500 Wh/m?,

Beyond this point, all kinetic curves demonstrate consistent inactivation, with even increasing inactivation
rates. First of all, it is known that the accumulation of photoproducts in the bacterial cell leads to cell death
(Rincon and Pulgarin, 2004c). Then, there is a certain number of targets solar light can attack, such as
respiration chain (Bosshard et al., 2010a), or the double DNA strand, but bacteria can heal this damage
through a light-induced enzymatic process, known as photoreactivation. Under this scope, the accumulation
of a certain amount of energy is necessary to cause permanent effects on bacteria (Bosshard et al., 2010b)

or to throw them in a viable, but not cultivable state (Rincon and Pulgarin, 2007b).
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Table 3.5.2. — Required time and dose for 4-log (99.99%) removal per intensity and model.

Inten3|ty Shoulder Welbull Shoulder Dose Weibull: Dose Requwed
600 287 293 2870 2930
700 227 232 2648 2707
800 209 211 2787 2813
900 189 191 2835 2865
1000 187 189 3117 3150
1200 152 154 3040 3080
1400 125 127 2917 2963
1600 122 123 3253 3280

Average Dose: 2934 2977
St. Dev.: 181 176
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3.5.4. Bacterial regrowth in the dark: Dark repair kinetics

The second part of the investigation deals with the post-irradiation period, while storing the synthetic
wastewater in the dark for a consequent period of 48 h. For clarity reasons, the results will be split, according
to the intensity levels, in Figure 3.5.4 (a-c, low intensity), Figure 3.5.5 (a-c, medium intensity) and Figure
3.5.6 (a-c, high intensity). In all figures, the same color line represents the same sampling interval, for
instance 120 min of treatment followed by dark storage is red line, and every intensity level is with a
different trace. Also, for each intensity level six representative kinetic curves are shown (four in high
intensities), according to the behavior of the microorganisms (growth or decay). Finally, no regrowth was

observed when total inactivation was observed.

Figure 3.5.4 represents the low intensity experiments, here 500, 600 and 700 W/m?. As it can be observed,
regrowth of the bacterial population changes as the inflicted intensity is changed. When intensity is
increased, the same sampling intervals present different behavior. A general trend indicates a decrease in
the population as intensity increases. For instance, samples retrieved at 150 min, at 500 W/m? present
growth after 48 h, are marginally stationary (slight decrease) at 600 W/m? and clearly decrease, when
exposed to 700 W/m?,

For the medium intensity experiments (800-1000 W/m?), in Figure 3.5.5 the response in the same sampling
intervals, from 30 to 180 min. It is found that one of the most visible changes is the behavior of the samples
irradiated for 180 min, are now completely decaying within the first 24 h. The damages accumulated differ
from one intensity level to another, and after the extent of damage in disinfection, the differences in the
inability to recover the damage done within 48 h are noticeable. However, the differences among the three
levels are relatively small, and some changes are visible only in long term; for instance, samples drawn
between 90-150 min are presenting fluctuations in the bacterial numbers but the Kinetic curves shape shifts

from concave to conve, indicating the pre-determined decay.

Finally, similar observations can be made for the high intensity regrowth curves, presented in Figure 3.5.6.
It is seen that increasing the intensity causes a change in the bacterial ability to heal their damages, as from
60-80 minutes only, the damage seems more than their potential healing abilities. Also, as few as 20
minutes, in such high intensities can cause change in the long term behavior; for instance, the 60-min kinetic

curve, which turned into a clear decay curve.

3.5.5. Investigation on the effective bacteriostatic dose

Further analysis of the regrowth data, can provide with observations on the role of the dose. It was observed
before, in mathematic terms, a change in the post-irradiation curves from concave to convex ones, as
intensity increased; formerly regrowth lines are later representing decay ones. As the time of the sampling
is not modified, but intensity is, then the received dose during disinfection is increased and as a

consequence, the post-irradiation behavior.
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These changes in behavior are summarized in Table 3.5.3. The observations of the kinetic curves provide
the information on the response during the dark period. Having taken samples in relatively short intervals,
the curves presented as “GROWTH?” are the curves that in overall or long term presented increase of the
population and “DECAY” the ones that show permanent or long term decrease of the population. As it
seems, this change is not linear; increasing the intensity does not lead to infinite decrease of the ability to
recover. As a matter of fact, along with the increase of the intensity, the same system receives more dose,
and if the light action mode against bacteria (Harm, 1980; Berney et al. 2006) is considered, the possibility
of inflicting damage in critical areas is increased. However, as suggested by (Sichel, 2007), in experiments
conducted in solar light, increasing the dose did not result to great enhancement of disinfection; this was

also the case for the disinfection experiments and as it is seen now, is also true for regrowth.

Furthermore, if virtual 5-min intervals are interpolated between the sampling times, and combined with the
present data from the regrowth curves, there can exist an analysis on the point when bacteria change their
behavior from “GROWTH?” to “DECAY”. For instance, in 500 W/m?, the 120-min curve presents growth,
the 150-min as well, but less and the 180-min curve presents decay. By interpolation through the bacterial
population data, it is suggested that the time point that changed the bacterial curve from growth to decay
was around 155-160 min. In the same manner, this point in every curve is found and the details are

summarized in Table 3.5.4.

As it can be seen, the effective bacteriostatic dose (EBD) has proved to be a well-defined threshold: when
it is crossed, it determines the bacterial fate. The analysis of each curve provides with an EBD between
1120 and 1280 Wh/m?. The sampling intervals, as above for total inactivation times, inflict minor changes
in the results, as well as the estimation of the time points, especially at high intensities. In overall, an average
dose of 1200+70 Wh/m? has a bacteriostatic effect in long term. It is also observed that this energy threshold
is very close in all intensities, resulting in a direct estimation of the theoretical exposure time required for
total inactivation. Finally, along with the estimation of the population done before, one can predict the
behavior of the microorganisms only by the dose received, which allows to foresee the growth or the decay

of the bacteria in long term.

Page | 125



Stefanos Giannakis - Solar disinfection of secondary effluent and the subsequent bacterial regrowth: considerations, limitations and environmental
perspectives

Table 3.5.3. — Summary of the post-irradiation changes in bacterial behavior according to the inflicted intensity.

Time
(min) 500 W/m? 600 W/m? 700 W/m? 800 W/m? 900 W/m? 1000 W/m? 1200 W/m? 1400 W/m? 1600 W/m?

Intensity
0
20
30
40
60
80
90
100
120
140
150
160
180
210
240
270
300
330
360
390
420
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Table 3.5.4. — Investigation on the effective bacteriostatic dose (EBD).

Intensity Timemin Timemax Dose min  Dose max

(W/m?) (min) (min) (Whim?)  (Wh/m?)  Average
500 155 165 1291.7 1375 1333.3
600 110 120 1100 1200 1150
700 100 110 1166.7 1283.3 1225
800 90 100 1200 1333.3 1266.7
900 75 85 1125 1275 1200
1000 65 75 1083.3 1250 1166.7
1200 50 60 1000 1200 1100
1400 45 55 1050 1283.3 1166.7
1600 40 50 1066.7 1333.3 1200

Average 81.1 91.1 1120.4 1281.5 1200.9

St. Dev 37.1 37.1 88.0 59.6 68.5

3.5.6. Reciprocity law in thermally non-controlled experiments

In 1964, the reciprocity law was suggested (Zetterberg, 1964) to interpret the behavior of different
photochemical applications, indicating that the same dose will have the same effect on the various targets.
In terms of energy, it suggests that the same light dose has the same effect, if it is a result of low irradiation
intensity for a long time or if it is produced by high intensities for a short time. Since the first statement of
the law, there have been many works that do not comply with this formulation, reviewed also in 2003 by
Martin et al. As it was suggested, the main reason for failing is very high or very low intensities. What is

considered “high” or “low” will be discussed later.

Even in more recent years and strictly on water disinfection, there are a number of applications in which
reciprocity law seems to fail, for instance photocatalysis by TiO (Rincon and Pulgarin, 2004¢;2007b), by
the photo-Fenton reaction (Ndounla et al., 2014) or even without catalysts (Ubomba-Jaswa et al., 2009).
For each application there is an explanation to the failure; in photocatalysis for instance, the mode of action
by TiO; produces a number of hydroxyl radicals big enough to cause recombination to H.O, which is not
equally active, and therefore cause decrease in efficiency. In solar-only applications, the effect is not the
same until a threshold required for inactivation is achieved (Ubomba-Jaswa et al., 2009). No application

however deals with this problem in a rich nutrients matrix, such as wastewater.
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Figure 3.5.7: Overview of the experimental results by contour plots. (a) Contour plot of the bacterial
inactivation (N/No) vs. Intensity and Dose. (b) Contour plot of the normalized bacterial regrowth after 24 h. (c)
Contour plot of the normalized bacterial regrowth after 48 h.
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A wide range of intensities was investigated, from 500 to 1600 W/m?, in order to have really dense data, to
create a link between intensity and dose and their results. A convergence is observed around 3000 Wh/m?
for 99.99% disinfection efficiency, with the equivalent for inflicting enough damage to inactivate bacteria
in long term (effective bactericidal dose) being around 1200 Wh/m?, These levels, with a small deviation,
were found to be accurate for all intensities, low or high. The only practical problem was the ability to
attribute the exact minute these phenomena take place and estimate the dose safely, due to the sampling
intervals chosen (20 or 30 min).

In Figure 3.5.7, an overview of normalized disinfection and regrowth results for all intensities and the
corresponding doses is presented. What is observed, is the compliance with the reciprocity law, but not as
a fundamental principle; for the same dose, results are similar, but moving horizontally in specific intensity
levels will not result in exactly the same effect. Therefore, it is suggested that for solar wastewater
disinfection, the reciprocity law is valid, under some restrictions; for the same dose, the same effect is
observed, but for relatively close intensities. For stepwise increases of dose, the results improve. In
regrowth tests, after 24 h minor differences are observed, but it is noted that the highest values appear in
low doses from low intensities. After 48 h, the behavior is similar for different dose levels, with slightly
better results in high intensities. Also, the growth support provided by the wastewater matrix influences the
deviations, because the excess growth of bacteria creates more targets for inactivation, with the same
applied dose.

As it can be concluded, very low or very high intensities, as defined in these experiments, can present some
deviations from the reciprocity law. But what is globally, and most importantly, perceived as low intensity
for bacteria, is possibly different. The philosophy behind the choice of 500 W/m? as a minimum intensity
level is inspired by the SODIS practices which suggest a similar minimum intensity for at least 6 h for
cloudless skies. However, in 400 W/m?, for instance, total disinfection could be achieved, after many hours

of constant irradiation, to achieve the energetic equivalent needed.
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3.6. Conclusions

Non-irradiated samples of synthetic secondary effluent treated at 20-40°C showed slight growth during
treatment. Significantly, thermal inactivation predominated at 50°C and was total at 60°C. Irradiation at
800 W/m? was sufficient to suppress growth at 20-40°C, but not for providing proper disinfection in 4 h of
treatment, with efficiency decreasing with rising temperatures and showing a minimum around 40°C.
Synergy between light and temperature above 40°C was evident, with all 60°C samples undergoing total
disinfection in just 1 h, or, at 50°C, high disinfection efficiencies after 4 h of treatment. Irradiation at 1200
W/m? resulted in total disinfection (no bacterial counts) in 4 h (20-40°C), in 1.5-4 h (50°C) or in just 0.5 h
(60°C), showing again the light-temperature synergy.

The profound actions of UVB and UVA irradiation demonstrated different results, according to the
experimental temperature range, with the cases of very low and very high demonstrating the best results,
due to either lower metabolic rhythm or synergy between temperature and light, plus thermal modifications

of cells’ proteins.

A 4-factor, multilevel, complete factorial design of experiments has proved a powerful, useful tool to
evaluate the main variables governing disinfection. A linear model with interactions (R?=65.1%, S=24.42)
has been initially proposed and improved, when it was modified to a temperature dependent one. The new
model is simpler (no interactions needed), as well as more accurate (S = 20.0507, R*= 73.08%, for
20<T<40°C and S = 21.9270, R?= 68.41% for 40<T<60°C). While unrelated to any fundamental modeling

of the process, it has allowed to statistically determine the significant factors and interactions in the process.

In terms of regrowth: non-irradiated samples of secondary effluent treated at 20-40°C showed slight growth
during treatment, and high post-treatment regrowth (ratios of 250-1000). Significantly, thermal inactivation

with no regrowth predominated at 50°C and was total at 60°C.

At 800 W/m?, bacterial regrowth only occurred in incompletely disinfected samples, which are linked to
lower irradiation, shorter times or high initial microorganism populations. No regrowth was observed in
samples presenting no bacterial counts at the end of the treatment. An erratic behavior was observed when
treatment temperature was among 20-40°C, where prolongation of treatment resulted in higher long term

re-appearance of bacteria in the samples, related to growth issues after 30°C.

High intensities revealed almost no regrowth (special cases: 1-h treatment), for low temperatures, revealing
the detrimental effect of elevated light intensities, whereas the combination of high temperatures with high
intensity resulted in no regrowth and survival diminishing, as well, due to the very high levels of synergetic

action between light and temperature.

When present, regrowth was directly connected to the enumerated leftover bacteria. The lower temperature

region promoted bacterial regrowth (max. in 30°C) and high temperatures suppressed the reappearance,
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both in short and long term storage. Also, the lower temperature set demonstrated higher rate of transferring

their live bacteria from the end of the treatment time towards the next days, than high temperatures.

The employed temperature range for light-temperature synergy (above 40°C) is well above the common
pond temperatures in shallow ponds, even in tropical countries, while the maximum sustained intensity lies
around 800-900 W/m? It is suggested that contact times longer than the 4 h observed here, would be
required at field conditions. Other field factors, like shielding by particles (residual suspended solids, algae)

would extend required contact time to days, as is common practice in shallow ponds.

The reciprocity law was tested and verified for very few cases of temperature controlled experiments, such
as high temperature experiments (mainly 50°C). In fact, when temperature is taken into consideration, doses
must be divided in low and high-temperature ones, then study the effect of high and low intensities and
how they can shape up the same dose. Disinfection kinetics revealed different inactivation rates for the
same dose, being higher for low intensities at low temperatures (except for 40°C) and lower for higher

intensities at higher temperatures. Bacterial growth has interfered in the normal evolution of the process.

For regrowth, temperature seemed to dominate the probability of reappearance of bacteria in wastewater,
resulting in high ratios in low temperatures (although increasing towards 30-40°C) and low ratios in samples
treated in warmer water. Short term storage could be dangerous if treated for a short time in high intensities,
while long term one is more susceptible to present regrown numbers in low doses deriving from low

intensities.

These results can significantly influence natural solar treatment methods of wastewater, because they
indicate the feasibility of applying such a method, without the need to achieve high temperatures. Even at
low temperatures as 20°C, low intensities could result in total disinfection, if the exposure is prolonged.
Therefore, reciprocity law is a rather simplified image of the real bacterial response to phototreatment and

this study indicates that there are more factors affecting this generalized rule.

Also, in all simulated solar light wastewater disinfection experiments without temperature control, the
decay period was presented with a lag, namely shoulder phase. Increasing the intensity decreased the length
of the lag period, as well as the fluctuations in the population, induced by the growth support of the matrix.
Above 700 W/m? the second (minor) lag phase towards the end is diminished and beyond 900 W/m?2, no

fluctuations are observed whatsoever.

The models used to fit the experimental data were the Shoulder Log-Linear, the Weibull distribution and
the Biphasic model (with shoulder). Since the second lag phase disappeared Biphasic model did not yield
sufficient fit, the results were processed only through the first two models. Through the fit, the shoulder
length was identified, along with its correspondence with the inflicted dose. Also, intensity was related with

the efficient energy to inactivate 99.99% (4-log) of the total population.
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One of the most significant findings was the constant, coherent character of the required dose, as far as
disinfection without temperature control is concerned. For any given intensity, the dose required to
inactivate 99.99% was nearly constant (2975+179 Wh/m?), while total inactivation required almost constant
dose of 3200 Wh/m? (range: 3100-3700). This gives indications for standardization of the required dose,

when a solar wastewater disinfection unit will be studied.

When it comes to regrowth, no regrowth was observed in the cases that total inactivation was reached. It
was also found that there is a certain energy threshold in each discrete intensity level, after which regrowth
turns into decay. This point was shown to be delayed as intensities dropped. However, the total accumulated
dose to cause a bacteriostatic effect was the same in every case. There exists an energy threshold, once

achieved, one can estimate decay for the surviving population.

As far as a potential application is concerned, the recommended practice would be to acquire the highest
irradiation times possible for the given regional climatological constraints. Given the fact that real
applications will be temperature-limited, the design practices should be oriented to acquiring prolonged

exposure to sunlight, since extension of the treatment always favored bacterial disinfection.

In conclusion, the estimations of the bacterial Kinetics during irradiation and the post-irradiation events
were well correlated with simple mathematical concepts. The link between the bacterial behavior during
and after irradiation and the dose, allows the estimation of a bacterial life cycle, to say, according to their
initial population and the treatment conditions. Finally, since the dose was found to have relatively the same
effect, the reciprocity law seems to comply with minor deviations. However, the hypothesis of constant
irradiation is far from the real context, and before definite results, even at laboratory scale, more trials need
to test the bacterial response in variable intensities, in randomized manner, for the proper generalization of

the solar wastewater disinfection process.
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Chapter 4.
Photoreactivation and dark repair
studies in different matrices

4.1. Methodological approach

In this chapter, an investigation on the fate of bacteria was undertaken, from the moment they enter the
disinfection system, the effect of solar dose and the introduction into several water matrices. While keeping
the solar dose at same levels, solar-treated secondary effluent is first kept in the dark in a range of
temperature (4, 20 and 37°C), so as to test regrowth dynamics as a function of temperature. In another
context, pre-illuminated samples are lead into untreated wastewater (synthetic E. coli-free), lake water, sea
water and distilled water, in order to assess the effect of the receiving water body on the regrowth potential,
the survival and the mortality rate. The same assessment was carried out in a series of dilutions (50%, 10%
and 1%), with the aim of systematically investigating the effects of different osmotic conditions and nutrient
content. The aim is to locate the ability of bacteria to adapt in the environment while being pre-stressed by
solar light and the variation of the environmental conditions on the required dose for safe handling of the

treated samples.

In order to assess the dark repair events, every 30 min a sample was taken and was kept in the dark for the
total duration of the monitoring period. Temperature control experiments were stored for 72 h (3 days),
while dilution experiments were kept for 120 h (5 days). Monitoring of the bacterial population was made
by sampling from the stored samples every 24h after the initial acquisition time. A graphical representation
is given in Figure 4.1.1. Temperature experiments were done at 4, 20 and 37°C (refrigeration, ambient
temperature and incubator temperatures), but dilution experiments were made in ambient temperature in
absence of light. Dilutions (50%, 10% and 1%) were made in sterile synthetic wastewater, in Lake Leman
water, synthetic seawater and Mili-Q water. The last groups of tests in Mili-Q water represent a control
experiment, rather unlikely to achieve in real environmental context, but will offer great insight on the way

osmotic pressure and presence/absence of food acts on pre-stressed bacteria.

Also, a series of tests has been conceived to assess the PHR and DR risks, after simulating solar exposure
of E. coli-spiked synthetic secondary effluent. Photoreactivation was intensely studied, aiming to attribute
the bacterial recovery in specific wavelength bands, by the use of 6 different fluorescent colored lamps,
plus the relationship between the applied wavelengths and the final bacterial numbers. Finally, the ability
to alter the normal DR potential by the pre-illumination tests and an assessment of E. coli PHR is also under

study.
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For photoreactivation estimation, the experimental sequence took place as follows: i) solar disinfection, ii)
exposure to mono/polychromatic photoreactivating light and iii) dark storage for 48 h. The simulated solar
disinfection part consisted of 0-4 h of illumination, whose evolution was monitored by semi-hourly
measurements of the bacterial population. Each sample was exposed to 4 different conditions, namely 2, 4,
or 8 h of photoreactivating light (followed by dark storage), or directly dark storage as a blank experiment.
During photoreactivation, samples were plated at 2, 4 and 8 h to monitor the bacterial numbers during the
process. Finally, in order to assess the dark repair events taking place in the bacteria of these samples (as a
reference), the samples were kept in the dark for 48 h after the completion of the irradiation period. Every
30 min, a solar irradiated or a photoreactivated sample was drawn and kept in the dark, and the
corresponding population was measured every 24 h. There were two sets of experiments under the same

conditions, for comparison and verification of the findings.
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Figure 4.1.1: Schematic representation of the experimental strategies. An irradiated batch was split to three

samples for temperature control, and another batch was divided into the four matrices and the subsequent
dilutions.

4.1.1. Employed water matrices

The physicochemical characteristics of Lake Leman water and the composition of synthetic seawater are
presented in Table 4.1.1 and 4.1.2. Mili-Q water is characterized by 0.0555 uS/cm at 25 °C. Lake water
was heat-sterilized to avoid the effects of indigenous microorganisms, while artificial seawater and Mili-Q

water were sterilized prior to use, to avoid contamination.

4.1.2. Reactors and experimental conditions
Bacterial inactivation tests took place in 50 mL batch tests, in Pyrex glass reactors of 65 mL total capacity,
while being mildly stirred with a magnetic stirrer (approx. 150 rotations per minute). 50 mL of wastewater

were first illuminated with a Suntest solar simulator, followed by exposure to monochromatic or
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polychromatic lamps for 2-8 h and finally 48 h in the dark. Samples were drawn semi-hourly for the solar
exposure part, at 2, 4 and 8 h for the photoreactivating light part and daily for the final dark storage

sequence.

4.1.3. Monochromatic and visible light lamps

The monochromatic lamps (18 W blacklight blue, actinic blacklight, blue, green and yellow) were acquired
from Philips, while the visible light lamps were purchased from Osram. Their specifications are given in
Table 4.1.3. Figure 4.1.2 presents the chromaticity diagram, explaining the color designation found on the
X and Y coordinates of the lamps in Table 4.1.3. An apparatus bearing 5 lamps of 18 W nominal electrical
value was used, and samples were placed 15 cm away from the light source. Eventually, less than 80 W/m?

of global irradiation was reaching the body of the sample.
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Figure 4.1.2: CIE chromaticity diagram.
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Table 4.1.1. — Physicochemical characteristics of Lake Leman water (yearly min, max and average).

Parameter Min Max Average Parameter Unit Min Max Average
Turbidity NTU 0.32 0.88 0.64 Nitrates mg/L 1.7 25 2.1
Temperature i 5.7 8 6.3 Fluorides mg/L 0 0.1 0
pH 7.82 8.1 7.94 Nitrites mg/L 0 0.016 0.005
Conductivity uS/em 269 278 274 Ammonium mg/L 0.005  0.156 0.033
Acid Consumption mmol/I 1.79 1.92 1.87 Aluminum mg/L 0.016  0.025 0.021
Cﬁgg?]%igs mg/L 106.14  114.07 1109 Total Iron mg/L 0011  0.026 0.018
Hardness mg CaC0s/L 89 96 93 Total Manganese mg/L 0.001 0.001 0.001
Total Hardness mgCaCOsy/L | 133 139 137 Ph?jsifg'cotrus mg p/l 0.003  0.047 0.018
Active COz mg/L -0.4 1.1 0.4 Silica mg/L 0.8 0.9 0.8
Saturation Index -0.16 0.08 -0.06 Copper ug/L 13 13 13
Dissolved Oxygen mg/L 8.5 10.5 9.5 Zinc ug/L 3 4.7 39
% saturation % 75.7 88.4 83.4 Cadmium ug/L 0 0 0
Oglrjﬂgb(i)lity mg/L 2.3 2.8 2.5 Lead ug/L 0.1 0.3 0.2
Absor?ﬁ:]‘ce 254 /m 1143 2.061 1.557 Chromium g/l 0.3 1.2 0.8
TOtgL?brgsnic mg C/I 0.61 1 0.72 Cobalt g/l 0 0 0
Calcium mg/L 438 455 448 Nickel ug/L 0.3 0.5 0.4
Magnesium mg/L 5.7 6.1 5.9 CHCls ug/L 0 0 0
Sodium mg/L 6.1 75 6.7 CHCI.Br ug/L 0 0 0
Potassium mg/L 1.6 1.7 1.6 CHCIBr2 ug/L 0 0 0
Chlorides mg/L 9.2 9.7 9.4 CHBr3 ug/L 0 0 0
Sulfates mg/L 48.4 49.6 48.8 Trihalomethanes ug/L 0 0 0
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Table 4.1.2. — Synthetic wastewater and sea water composition.

WaSteW.a Fer Seawa’.[e.r (Jonkers et al., 2013)
Composition Composition
Peptone 160 mg/L NacCl 27.35 g/L
Meat Extract 110 mg/L KCI 0.8 g/L
Urea 30 mg/L CaCly*2H.0 15¢9g/L
K2HPO, 28 mg/L MgSO4:7H20 6.9 g/L
NaCl 7 mg/L MgCl.-6H.0 5.1g/L
CaClz-2H.0 4 mg/L Salinity 35%
MgSQO47H0 2 mg/L
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Table 4.1.3 — Color distribution of the employed fluorescent lamps.

Fluorescent Color Code Coordinate Coordinate UVA UVB/ Provider/
Lamp  Designation X Y UVA Model
i Philips
Blacklight | 5\ wiight Blue | 108 i i 3.9W | 0.20%
blue TL-D 18W
ini Philips
Actinic Actinic 10 222 210 5.0 W | 0.20%
blacklight TL-D 18W
Philips
Blue light Blue 180 157 75
TL-D 18W
Philips
Green light Green 170 246 606
TL-D 18W
Philips
Yellow light Yellow 160 495 477
TL-D 18W
UVA< OSRAM
L LUMILUX Cool 150
0, .
Visible light v\ o500 | 840 0.38 0.38 k| 0-13% (827 Lumilux
m Interna

Page | 139



Stefanos Giannakis - Solar disinfection of secondary effluent and the subsequent bacterial
regrowth: considerations, limitations and environmental perspectives

% 100 100
80 . 30
60 . [ils]
-
- m
J0L 40 ] i} TR Anm 20 A1) e} L] 7ol A [ren]
£ =
g . g
bl [t]
2 :
: ~ :
= =
F . |
U 00 400 S0 Llil] T & nm
% .
k] - -
1w| Indoor (visible)
. .
n ‘

~
&

Figure 4.1.3: Emission spectra of the monochromatic and visible light lamps.
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Figure 4.1.4: The light apparatus bearing the monochromatic and visible light lamps. On the left, the yellow
light at work and on the right, the actinic blacklight. The spatial distribution of the reactors is also visible.
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4.2. Temperature experiments: post-irradiation modification of storage
temperature and its effects on bacterial repair

The first set of experiments studies the modification of storage temperature conditions for the solar-treated
samples. The samples were exposed in simulated solar light, with the intensity set at 1000 W/m?, an

achievable solar intensity in real context.

In this approach, there are some constraints to be considered, such as the nature of the target microorganism:
Escherichia coli is a typical mesophilic microorganism, that usually thrives around 35-39°C, presenting a
maximum growth rate around these temperatures. Lowering temperature will result in deceleration of their
metabolic rhythm (Blaustein et al., 2013), while the expected behavior at 4°C would be a stabilization in
the minimum metabolic activity required to sustain life. Also, the chemical composition of the matrix is of
high importance, considering the abundance of nutrients and salts present within it. Marugan et al. (2010)
have underlined the importance on Mg and K salts for the maintenance of bacterial life and Caballero et al.
(2009) highlighted the aid nutrients provide in the growth of bacteria in water matrices. Therefore, optimal
support conditions for bacterial development is expected, as seen in previous work with this matrix
(Giannakis et al., 2013).

In Figure 4.2.1 it is observed that the disinfection kinetics of illuminated samples reveal a shoulder-lag
phase, followed by log-linear decay until the end of a 4-hour period that was required to fully inactivate
microorganisms. In reality, almost 90% of bacteria were inactivated in 3 h and the excess 1-h dose ensured
zero counts at the end of the experiment. Post-treatment storage of the samples drawn every 30 min took
place in three different conditions, 4, 20 and 37°C, in order to recreate the conditions usually encountered
by microorganisms. It also presents the monitoring of the bacterial population for three days after the
sampling time. First of all, the effects the exposure (UV dose) has on bacterial survival are demonstrated.
Generally, increasing the dose decreases bacterial survival. It can be also seen that until the corresponding
dose of 90-min exposure to sunlight, bacteria still maintain their ability to recover their damage and, after
a lag phase, once again increase their population. Conversely, from 120 min of treatment and more, damage
is permanent; bacterial population is lowering, as days pass, indicating cells that are unable to recover their
damage and probably, cellular senescence is taking place (Stephens, 2005). It is known that the
accumulation of photoproducts inside the cell (Hallmich and Gehr, 2010), makes bacteria unable to sustain
normal life functions, through the damages in the respiratory chain (Bosshard et al., 2010a), in DNA
(Hallmich and Gehr, 2010) etc.
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Figure 4.2.1: Post-irradiation monitoring of synthetic secondary effluent at different temperature
levels. Samples were kept for three days at: (a) 4°C. (b) 20°C. (c) 37°C.

Considering the above, it is interesting to observe the differences low (unfavorable) and high (favorable)
temperatures inflict on bacterial survival. In Figure 4.2.1a, the deceleration of bacterial metabolism is
visible. Since the samples have been subjected to the same irradiation energy, under the same experimental
conditions, it is normally expected to have the same evolution, when it comes to their survival. However,
i) suspended growth rates in lightly or non-irradiated samples and ii) prolongation of the bacterial survival
is observed, compared to the situation at 20°C. For instance, the kinetic curves that correspond to 150, 180
and 210 min of pre-treatment, reveal a significant delay towards their respective 20°C ones. This is
attributed to the formation of more resistant forms of cell structure as a defense against low temperature,
which includes low metabolism rates and nutrient uptake. As it seems, either repair of photoinduced damage
or, along with delayed metabolic action, a delayed programmed cell death (Sat et al., 2001) triggered by
light exposure is observed.
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In contrast, cells that remained at 37°C, present altered kinetic curves compared to their respective ones in
lower temperatures. Firstly, in Figure 4.2.1c, significant changes are visible in low-dose treatment times,
where growth is orders of magnitude higher than the respective one at 4°C. But even in high irradiation
doses, samples that were treated for 180 min presented different behavior: at 4°C slightly decreased their
numbers, decayed shortly after treatment stopped when metabolism was increased (20°C), even present a
mild growth at 37°C. At this temperature the conditions for growth are favorable, and bacterial survival is
promoted. Another possibility, since no total disinfection was achieved, is that the live fraction of bacteria
compensated for the fatally injured ones, in terms of numbers. In the existence of a declining number due
to damage and a growing one, due to comfortable conditions, the numerical balance is in favor of growth.
Finally, in all experiments, whenever total inactivation was reached during the illumination period, no
regrowth was observed in any samples, thus indicating the permanent nature of the inactivation due to light

exposure.
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4.3. Post-irradiation modification of the receiving aqueous matrix and long-term

monitoring of bacterial survival

4.3.1. Dilution in fresh (synthetic) wastewater

Figures 4.3.1 (a-c) present in a summarized way the results of bacterial monitoring for a period of five days
after the irradiation. The inset presents the disinfection experiment from which sample is taken every 30
min, followed by the dark storage. Figures 4.3.1a to 4.3.1c represent a dilution of the original disinfected
sample of 50, 10 and 1% respectively, over the untreated effluent. This dilution in wastewater serves a
double purpose: first of all, after the treatment there is a remaining bacterial population, which is then
submitted to halving, 10-fold and 100-fold reduction. In this manner, three different cases of initial
population can be assessed and the kinetics response in this case. Since the medium remains the same,
normally growth pattern is expected to remain similar. Also, the second aspect of the dilution concerns the
replenishment of organic substances which are subject to degradation due to solar treatment of the sample,
according to Dahlen et al. (1996).

Therefore, in Figures 4.3.1a to 4.3.1c the kinetic curves of bacteria in five consecutive days, after their
exposure to sunlight, are presented. Their kinetics are generally described as growth, which is then
subjected to certain variations. In Figure 4.3.1a the exponential growth of almost all samples is visible, with
the exception of the 180-min treated sample; after 3 hours of irradiation it is impossible for bacteria to heal
the injuries caused by exposure to simulated sunlight and they rather survive until their complete decay
after four days. All samples (except for the untreated) seem to grow their numbers, but after an initial delay

of 24 h. This observation is clear in samples treated for a significant portion of time (60-150 min).

The effect of dilution is visible, passing from 50% to 1% Figures, mainly in the lag and decay phases. The
initial sample is diluted in 3 different proportions, thus resulting in three different initial numbers of active
bacteria. This difference is visible at time 0, and as it seems it affects the growth curves, presenting longer
lag phases, when growth is observed, or faster decay in the case of 180-min pre-treatment. This is explained
by the statistical probability to acquire less active or heavier injured cells from the initial sample. As light
is inflicted on the sample, some bacteria are able to escape irradiation through shielding or scattering
(Lindenauer and Darby, 1994) and therefore, when the amount of the original sampled proportion is
increased, the possibility of acquiring healthier cells is also rising. This probably explains the different

behavior of the 150-min treated sample, which switched from growth to decay.
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Figure 4.3.1: Overview of the 5-day monitoring period of the irradiated sample diluted in
wastewater. (a) 50% dilution. (b) 10% dilution. (¢) 1% dilution.

Finally, when the dilution rate is high (1%), the availability of nutrients per cell is higher than the other two
cases. Knowing that degradation of organics affects the availability of nutrients for bacteria, a dilution in
fresh wastewater will be beneficial for their survival. Therefore, in this case, there is less competition among
the cells, resulting to excessive growth and their population reaches the same plateau (peak) as the previous
cases with higher initial population, in the same time period (2-3 days), plus the stabilization towards the

end of monitoring period versus the slight decreases observed in lower dilution rates.

4.3.2. Dilution in Lake Leman water
The second tested matrix was water acquired from Lake Leman. The water was unfiltered, to permit the
occurrence of natural suspended solids, but heat-sterilized prior to experiments to avoid the effects of

competition between seeded E. coli and indigenous microorganisms or predators (Flint, 1987). Figures
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4.3.2a to 4.3.2c demonstrate the results of a 5-day long monitoring of bacterial survival. In this matrix,
survival of unharmed bacteria is expected for a relatively long time; there are reports for the occurrence of
bacteria in water for weeks (Darakas, 2001), even months in lake sediments (Haller et al., 2009a). However,

there are no records on the responses of previously phototreated bacteria.

In Figure 4.3.2a, the impact that solar dose has on bacterial survival after 50% dilution is demonstrated. It
can be seen that bacteria can retain their cultivability for doses less than 120-min exposure to sunlight,
while longer exposure causes decay, faster with increasing doses. There is a lag phase visible in mid-ranged
doses (60-120 min of pre-treatment); however, after 4 days all doses from 0 to 120 min result in almost

similar concentrations, indicating a growth “ceiling” for these conditions.

Applying 10% dilution modifies the bacterial survival, as it can be seen in Figure 4.3.2b. As far as the
matrix conditions are concerned, there has been a change in the availability of nutrients and baro-protective
salts. This change is reflected to the kinetic curves especially of 90 and 120 min solar treatment, which
change from growth to decay form. Also, 150 and 180-min curves reach a minimum 48 h earlier than 50%
dilution, while 0 to 60-min treatment curves present no significant alteration. This can be explained by the
injury state of the cells from each dose group: it seems that cells which suffered the same amount of damage,

in the higher presence of nutrients respond better and present growth instead of decay.

Finally, Figure 4.3.2c presents the survival curves for 1% dilution of the original sample, clearly
representing the effect of initial population decrease, as well as the shortage in nutrients. First of all, the
curves are significantly lower, and growth is limited at the end of the monitoring period in lower numbers
than the respective ones of 50% and 10%. Both untreated and relatively mildly treated samples initiate in
lower numbers and result in lower or even null counts. For instance, the 60-min curve is now decaying
more rapidly, and the 90-min one is reaching total inactivation. After all, apart from the nutrient source,
mild osmotic forces are suspected to be accelerating bacterial death due to pressure differences inside and

outside the cell. This stress adds up to the already solar-damaged cells to result in faster decay rates.
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Figure 4.3.2: Overview of the 5-day monitoring period of the irradiated sample diluted in Lake Leman
water. (a) 50% dilution. (b) 10% dilution. (c) 1% dilution.

4.3.3. Dilution in (synthetic) seawater

Seawater, as a receiving medium for wastewater, has been a subject of interest for a very long time and

some practices have tried to model the survival (Darakas, 2001) and growth (Tassoula, 1997) of

microorganisms within it. There have been significant findings, and bacterial decay has been attributed to

solar light, the co-existence with predators and the osmotic difference between the cell contents and the

seawater (Yang et al., 2000; Darakas, 2002). Bacteria are being lysed usually after they release their

intracellular fluids. Also, there have been many works studying the most common phenomenon of solar

disinfection in estuarine or sea water (Yukselen et al., 2003), taking into account the action of the sun. It

has been stated that bacteria have even developed anti-irradiation mechanisms in order to maintain their

integrity and continue replication. This bacterial response is a result of bacterial gene evolution, to protect

themselves from the solar ultraviolet rays (Quek and Hu, 2008). Keeping all the above into consideration,
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the ability of bacteria to survive after they have been exposed to simulated solar light, and therefore, sterile
synthetic seawater has been used is studied, in order to exclusively quantify the amount of physicochemical

stress applied on the cells.

Figure 4.3.3a demonstrates the survival kinetics for five days in 50% diluted wastewater. Although it is
known from literature that the change in osmotic pressure is a fatal stress, decay is observed only in cells
previously irradiated for 150 min and beyond. All other samples present a lag and then a growth phase,
which is proportional to the dose received. There is a certain extent of osmotic difference to be achieved,
in order to visualize its detrimental effects. This dilution is not very hostile, since only weak cells are subject
to decay. The adaptation phase is finished in three days and then a mild growth phase initiates until the end

of the study period.

After 10% dilution of the samples, (Figure 4.3.3b) almost all treated samples present decay. It is clear that
even non-lethal irradiation doses are able to lead to bacterial decay within the studied time. Once again, E.
coli succumb to their solar-inflicted wounds once the environment is relatively hostile. Bacteria that
managed to retain their cultivability are now subject to greater stress and are lead to decay (60-120 min).
The untreated, healthy cells continue to multiply and grow, as well as the 30-min treated ones; after a 3 day
survival phase, they retain their ability to grow once more, since there is 10% of the original, nutrient-rich

medium.

Finally, Figure 4.3.3c demonstrates the fatal effect unfavorable osmolarity has on the bacterial cells.
Contrary to every other case, all bacterial samples present decaying Kinetic curves, even the healthy ones.
The curves that presented decay in the previous (10%) case, are declining even faster, revealing the
deleterious effect of high salinity. Nutrient sources are also scarce and the first totally negative survival

conditions are presented in this dilution rate.

4.3.4. Dilution in Mili-Q water

Figure 4.3.4a represents a 50% dilution in Mili-Q water and the subsequent survival in a 5-day monitoring
period. The results here represent a relatively steady survival state; the same curves that decayed right away
(150 and 180 min) in the previous water matrices, also do so in this case. Conversely, all others present a
survival over the five days, with untreated and 30-min treated samples passing directly to a growth phase,
and the curves from 60-120 min present an increasing lag over the accumulated dose, and then a growth

phase.
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Figure 4.3.3: Overview of the 5-day monitoring period of the irradiated sample diluted in synthetic

seawater. (a) 50% dilution. (b) 10% dilution. (c¢) 1% dilution.

Further dilution of the treated samples reveals steady survival kinetics for 0, 30 and 60-min treatment, and

decay for all other curves. In Figure 4.3.4b, initial population is decreased 5-fold and alongside, nutrients

are becoming scarce. The kinetics have definitely been modified, and the loss of the osmotic balance is

affecting all survival curves. The response is similar to the other water matrices, when bacteria were

subjected to combined stress by environmental change and injury due to sunlight.

Even more, in Figure 4.3.4c another 10-fold decrease in wastewater content is inflicted. The most optimistic

estimation is a prolonged decay phase; no growth is observed in any sample. Also, the increase of stress

conditions has shortened the survival times significantly. A decrease of 24 h has been observed in all cases,

while the untreated, 30-min and 60-min treated samples seem to be adapting better in this environment than

the heavily injured cells.
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4.4. Bacterial response to environmental changes

In a system designed to disinfect effluent by solar light, according to the availability of sunlight and the
climatic constraints, the temperatures that can be approached do not normally exceed 40°C in tropical
regions (FAO, 1987) and normally, 4°C as representative in near-freezing values. Having analyzed the
temperature influence as an environmental factor, the prolongation of bacterial survival due to reduced
metabolic activities is noticed, and therefore longer lifespan. Moreover, the risks of overgrown bacterial
numbers due to optimal growth conditions are visible. Also, having stressed the bacteria in different light
doses prior to the exposure to a variety of temperatures, one can estimate the essential exposure times to
achieve a state of permanent bacterial damage, instead of the classic approach of total disinfection times. It
appears that taking into consideration the dose along with temperature could lead to more accurate design
estimations of the minimum treatment conditions. In that sense, apart from the studies on retention time for
disinfection, studies on the temperature variations must be conducted in order to avoid miscalculation of

the final bacterial numbers.

An interesting result of this research, considers the various stresses applied to the bacteria in
“chronological” order. There have been reports of altered bacterial responses in various stresses, such as
Mezrioui et al. (1995), which observed different survival modes when bacteria left stabilization ponds. High
survival activity in ponds was followed by low resistance in brackish water and vice versa. In the majority
of the experiments and almost in all dilution rates, the samples that were treated for 30 min result in the
highest bacterial numbers in long term, even higher than the untreated samples. This phenomenon is
attributed in two different factors. First of all, an explanation has been given by Rincon and Pulgarin
(2007b), who attributed such effects to photoactivated bacteria. Also, it is given to understand that bacteria
which have the initial illumination period, are more resistant to the other stresses that follow irradiation,
namely dilution and starvation. Trousselier et al. (1998) have explained this paradoxical phenomenon with
the action mode of the RpoS gene (RNA polymerase, sigma S), which is responsible for activating several
anti-stress responses, such as osmo-protection, even if stresses are a result of different causes. The authors
highlight that initially pre-stressed bacteria are more likely to survive potential following stresses. This
behavior could influence the design of solar treatment systems, so as bacteria to receive only the necessary

dose (as defined in the previous paragraph) before they are introduced in the receiving water bodies.

Considering the applied dose, Table 4.4.1 summarizes its effects on bacterial survival as a function of the
dilution rate and receiving medium. In the rows, the kinetic curves that reflect a recovery in the cultivability
of bacteria are shown, in relation with dilution per medium. Literature suggests that the lack of nutrients
inflicts the smallest vital changes, in short term. However, when microorganisms have to cope with a
combined stress of food source deprivation and, for instance, hyperosmotic adaptation, cells’ energy
capacities are depleted and membrane transport is limited (Trousselier et al., 1998). The experimental

findings are in accordance with the literature, supported by the data in Table 4.4.1. It is also true that sunlight
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leads to restriction of cell division due to a loss of cultivability, so the initially inflicted stress leaves bacteria

unable to repopulate.

Table 4.4.1. — Summary of kinetic curves presenting post-irradiation growth.

Medium/Dilution ratio

Wastewater 0-150 min 0-150 min 0-120 min
Lake Water 0-120 min 0-90 min 0-30 min
Seawater 0-120 min 0-30 min -
Mili-Q Water 0-120 min 0-60 min -
Temperature 4°C 20°C 37°C
Undiluted Wastewater 0 min 0-90 min 0-180 min

Nevertheless, the loss of the ability to be cultivated, even in non-selective media, is a questionable method
to judge whether cell division can take place (Trousselier et al., 1998), knowing that cultivability can be
lost first by other alterations in cell physiology (Roth et al., 1988; Genthner et al., 1990). It is deducted from
these experiments that samples with theoretically active and cultivable bacteria find it difficult to survive
in hostile environments, such as high dilution in lake or seawater. It is concluded that cells do not lose their
cultivability before 150 min of exposure in this intensity, being the highest value demonstrating
repopulation of the sample. Adaptation is impossible and the energy reserves are devoted to cell integrity

maintenance, as stated by Trousselier et al. (1998).

In accordance to temperature alterations, profound differences are also visible, but due to other causes. For
instance, at low temperatures, only the untreated bacteria are able to increase in numbers, at 20°C the ones
that received treatment from 0-90 min and in the most favorable temperature, 0 to 180-min treated samples
present growth. It has been reviewed lately, that temperature influences bacterial survival (Blaustein et al.,
2013). The findings in the same matrix, by the same pre-treatment method and with bacteria bearing equal
light-mediated injuries, support the temperature preference of bacteria. In addition, they reveal the positive
effects that favorable conditions have on bacterial self-reparation capacities; when bacteria are in osmotic
friendly environment, temperature can dominate survival Kinetics, causing regrowth instead of simple

survival and adaptation to the new conditions.

Certain behavioral patterns were correlated here, as a function of the osmotic difference and the availability
of nutrients in the matrix. The order of increasing hostility against bacteria reflected in survival times, is as
follows: sea water<Mili-Q water<lake water<wastewater. Wastewater and its dilutions, demonstrate
growth in all cases, while the negative osmotic influence of lake water induces prolonged survival, and less
growth than wastewater. Sea water, especially in high dilution rates, is an unfriendly matrix and presents a

deterministic decay regardless the pre-induced damage. The stressed microorganisms have to deal with
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acclimatization (initial shock) issues, which were visible in the kinetic curves and the initial stress. This
shock can modify the adaptation capacities. Findings like these, have influenced propositions of introducing
wastewater in deep outfalls into the sea with little treatment (Yang et al., 2000). Finally, lake water and
Mili-Q water as receiving media demonstrated mitigated hostile effects, when they received wastewater
diluted in high rates, compared to seawater. This behavior could influence outfall designs especially in lake
shores, and stricter pre-treatment rules should be applied in these cases. It is known that bacteria enter
aquatic systems in dormant states (Roszak and Colwell, 1987) and are lead to non-cultivable phases. The
results are in agreement with literature. However, it was shown that cultivability is not exclusively a
function of dose, neither of dilution nor the medium alone. Temperature has also significant influence,
because metabolic dormancy (Avery et al., 2008) can easily be disrupted and result to bacterial repopulation

and prolonged survival in such waters (Haller et al., 2009a).
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4.5. Photoreactivation experiments

This section presents and discusses the results of photoreactivation experiments on previously solar-
irradiated synthetic secondary effluent samples. The experimental design and conditions are given in the
general 4.1 section and the specific details, concerning photoreactivating lights are given in subchapters
4.1.2and 4.1.3.

4.5.1. Blacklight blue and actinic blacklight effects

Figure 4.5.1 presents the results of the post illumination exposure of the bacterial samples to blacklight
(BL) blue and actinic blacklight wavelengths. The Figures 4.5.1-i to 4.5.1-iv demonstrate the hourly change
of bacterial kinetics, after none until up to 3-h exposure to solar light, respectively. Sampling was made
semi-hourly; for reasons of clarity the events are presented in 4 distinct phases of solar treatment, such as
untreated (0 h), mildly treated (1-2 h) and heavily damaged (3 h of exposure In the case of 4-h exposure to
solar light, total disinfection was reached (zero bacterial counts), and zero counts were observed too through
the photoreactivation experiments. So, these results are not shown. The difference between the two lamps
lies in the wavelength distribution: in the actinic BL lamp, there is an extra narrow wavelength emitted, not
present in the BL blue one, which falls closer to the far end of UV that causes ROS production and

peripheral damage to the cell.

Figure 4.5.1a presents the effect 2, 4 or 8 h of exposure to BL blue and actinic BL have on bacterial survival,
on previously untreated sample. The samples untreated and not submitted to PHR light (dark control) show
a slight growth (in logarithmic terms), nearly doubling its population in 8 hours. Free of solar-light damage
and kept in the dark, unharmed and in a favorable medium, the bacteria should keep growing, as it is
observed. 2 h of exposure in the BL lamps do not modify greatly the bacterial population and have a rather
mild inactivating effect 24 and 48 h after the treatment, in dark storage. This effect is enhanced by 4-h
exposure time; there is a slight inactivation presented directly and a significant 90% decrease of the bacterial
numbers in long term. However, 8 h of exposure under the same lights directly impacts bacterial viability.
The employed wavelengths fall into the UV region, damaging the cell constituents, with the low intensity
being the limiting step; 2 or 4 hours of illumination are not enough to impact directly the population. The

cells are damaged by the energy accumulated in 8 hours.
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Figure 4.5.1: Results of the exposure of wastewater in PHR lamps: BL Blue and Actinic BL. a) PHR without
solar pre-treatment. b) PHR after 1 h solar pre-treatment. ¢) PHR after 2 h solar pre-treatment. d) PHR after 3
h solar pre-treatment.

Pre-illumination of the samples before their exposure to BL blue and actinic BL light, greatly modifies the
survival kinetics. There are two aspects that are modified, compared to the untreated samples, one being
the greater susceptibility to direct damage and the second, the inability to sustain viable counts for longer
times. Figure 4.5.1b to 4.5.1d show that increasing pre-treatment times of solar illumination renders the
same BL blue and actinic BL doses more effective. From the nearly invisible effect in untreated samples of
Figure 4.5.14a, to the lethal doses of 4 and 8 h (for actinic and blue, respectively) in Figure 4.5.1d. In all
cases, the effect of BL blue light was lower than the respective actinic BL ones. As far as the disinfection
kinetics are concerned, samples that remained more time under the solar light, when transferred under the
blacklight, their kinetics differed significantly. In Figure 4.5.1a, until the beginning of the dark storage, the
disinfection kinetics were similar, while in 4.5.1d the respective kinetic curves are significantly different.

However, Oguma et al. (2002) took notice in their work that UV A has been long known to photoreactivate
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cells, due to a process called non-concomitant reactivation (Jagger, 1981), which doesn’t corroborate with
these findings, indicating the multiple attack of solar light against the bacteria, and not limited to CPD
formation.

4.5.2. Blue and green light effects

The second experimental part involves subjecting the pre-illuminated samples to exposure under blue or
green light. Figure 4.5.2 demonstrates the inflicted changes these monochromatic wavelengths have on
bacterial viability. More specifically, in Figure 4.5.2a the untreated sample is subjected, to illumination by
the monochromatic lights (for 2, 4 and 8 h). In both cases the light effect is not detrimental to the bacterial
survival, and only slightly reduces the counts of the samples under blue light. Also, dose has an important
effect on the survival kinetics, for the changes observed before are demonstrated only after high periods of
exposure to the light.
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Figure 4.5.2: Results of the exposure of wastewater in PHR lamps: Blue and Green light. a) PHR without solar
pre-treatment. b) PHR after 1 h solar pre-treatment. ¢) PHR after 2 h solar pre-treatment. d) PHR after 3 h
solar pre-treatment.
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Similarly, lightly treated samples (1 h of pre-exposure to solar light) do not alter their survival kinetics in
great extents, as seen in Figure 4.5.2b. In this case, the solar pre-treatment for 1 h modified the kinetics of
the blank experiments, and shifted their behavior from growth to survival. However, 2, 4 or 8 h of exposure
to blue or green light do not influence greatly bacterial viability in short term. On the contrary, 2 h of blue
or green light result in higher cell counts than the sample not subjected to the monochromatic light; the

beneficial photoreactivating effect is observed, the healing process of the solar inflicted damages in the cell.

Two hours of solar pre-illumination demonstrate different kinetics, when they are followed by exposure to
monochromatic blue or green light. The dark controls are able to survive, while the first impacts of
accumulated damage start to be demonstrated. Blue light in low doses maintains survival but results in
noticeable reduction in high doses, whereas green light is detrimental to these samples, stabilizing its effect

in high doses. After 4 h, no significant change is observed in the bacterial counts.

Figure 4.5.2c presents once more the negligible effect of 2-h exposure under monochromatic blue or green
light, but 4 h differ significantly. Although blue light does not affect the bacterial viability, green light
seems to reduce the counts up to 3 logarithmic units (logioU). In long term, the effects are reversed. Further

irradiation does not inflict more damage for the green light, but enhances inactivation for the blue light.

Finally, severely damaged cells from solar light demonstrate (Figure 4.5.2d) the most definite alterations
in their Kinetics among the two colored lamps. Blue light is identified as less inactivating than the green
one, and even causes increase of the population in low doses (2 h of exposure). This is in agreement with
the photolyase activation spectrum, but increasing the dose of PHR light has little effect on the bacteria
exposed in blue light. On the contrary, green light after 8 h results in total inactivation of more than 2 log;oU

of bacteria that remained after 3 hours of solar pretreatment.

4.5.3. (Monochromatic) yellow and visible light lamps’ effects

The last experimental part involves the exposure of the pre-illuminated bacterial samples under lamps
emitting yellow light and visible light (fluorescent) lamps. Since the two experiments took place in different
batches, both control experiments will be presented for reference. Figure 4 demonstrates the main results
of the investigation. Figure 4.5.3 demonstrates the main results of the investigation. In Figure 4.5.3a, the
effects low intensity yellow and visible light has on non-illuminated bacteria are shown. First of all, there
is growth in the dark, similarly to the other two experimental parts. The application of yellow light has no
immediate effect; the kinetic curves of 2, 4 or 8-h exposure are very similar, as well as very close to the
original, non-irradiated samples. Healthy cells are not affected by the wavelength emitted by the
monochromatic lamps, regardless of dose. The kinetics of the bacteria under visible light are close to
identical with those under the yellow light ones, being the closest approximation to each other’s

wavelengths.
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Figure 4.5.3: Results of the exposure of wastewater in PHR lamps: Yellow and Visible light. a) PHR without
solar pre-treatment. b) PHR after 1 h solar pre-treatment. ¢) PHR after 2 h solar pre-treatment. d) PHR after 3
h solar pre-treatment.

Pre-illuminating the samples for 1 h has almost no effect (Figure 4.5.3b), when followed by exposure in
low yellow light doses. On the other hand, visible light in low doses seems to favor bacterial recovery,
causing increase of the population after 2-h exposure. These results are different in Figure 4.5.3c, which
demonstrates the kinetics after 2 h of solar illumination and exposure to yellow and visible light. The main
difference is observed in the bacterial response in high yellow and visible light doses, by prolonging their
stay in these conditions; extended illumination time has greater impact on previously more stressed bacterial
cells (8-h kinetic curves) and the probability of photoreactivation is reducing significantly. There are few

cases only, mainly in yellow light, which bacteria managed to maintain their viability in the previous levels.

Finally, the response of bacteria that are determined to decay in the dark after some time (Figure 4.5.3d, 3-
h treatment), yellow light or visible spectrum irradiation cannot change the outcome. In both batches, the

already weakened bacteria cannot demonstrate photoreactivation, neither short nor long term. The
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inactivation kinetics continue and their effects are immediate. Pre-stressed bacteria close to full disruption

of the living functions seem to be incapable of full inactivation by neither yellow nor visible light.
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4.6. Photoreactivation and the subsequent bacterial survival

4.6.1. Post-irradiation dark repair assessment — control experiments

Figure 4.6.1 presents the disinfection kinetics, when wastewater samples are exposed to 1000 W/m? global
irradiation. After an initial shoulder (Sinton et al., 1999; Berney et al., 2006; Giannakis et al., 2013) which
presents mild fluctuations due to promoted growth in the supporting matrix, the population is decreasing

log-linearly, with 99.99% inactivation reached in 3.5 h and total inactivation in 4 h.

Each regrowth/survival curve does not represent the same post-irradiation behavior. The untreated samples
present growth directly, the 30 to 90-min irradiated samples fall between growth and preservation in
numbers, and after that point, the kinetics describe a decay. The growth of the untreated sample is normally
expected, but the slightly treated samples (30 min) present an increase, which is supported by the dark
repair mechanisms that are enzymatically correcting the DNA lesions (Sinha and Hader, 2002), or the
respiratory chain ROS scavengers, such as catalase (Bosshard et al., 2010a), that suppress the potential
indirect damage. As the receiving dose is increasing, the capability of the cells to self-heal their
photoinduced damage is declining. After the transition of 30-120 min of treatment, a definite damage has
caused decay. The cells have initiated programmed cell death (PCD) by the accumulation of photoproducts
(Rincon and Pulgarin, 2004c).

4.6.2. Modification of dark repair kinetics due to pre-illumination conditions: BL blue and actinic
BL lamps

In Figure 4.6.2 the alteration of post-irradiation bacterial kinetics in the dark is presented, according to the
degree of pre-treatment with solar light. Figures 4.6.2a-d present the effects of 0, 1, 2 or 3 h illumination
prior to exposure to monochromatic BL blue or actinic BL. The application of low intensity monochromatic

light strongly modifies the normal regrowth potential of microorganisms.

Firstly, the exposure to low doses of BL blue or actinic BL was found to marginally reduce the bacterial
cells, until the application of an 8-h equivalent light dose, which inflicts a 3 logioU reduction of the
population. However, after 24 h hours from stopping the illumination, the remaining population is nearly
equal, for 2-h and 4-h. The only difference is presented in long term, where the 8-h irradiated samples under
BL blue maintain partly their viability while the actinic BL ones demonstrate total inactivation. This
difference is attributed to the emission of the extra wavelength band in the actinic lamp. The wavelengths
closer to the UVB region mostly cause DNA damage, and nucleotide excision repair would be responsible
for its recovery. In the present case, the effects are cumulative and according to the degree of pretreatment,

a corresponding difficulty to repair the damage is observed.
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Figure 4.6.1: Blank experiments. Results of the 48-h long dark storage of solar treated wastewater. a) Case 1. b) Case 2.
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Figure 4.6.2: Results of the 48-h long dark storage after 0, 2, 4 and 8 h of PHR with BL Blue and Actinic BL
light. a) DR without solar pre-treatment. b) DR after 1 h solar pre-treatment. ¢) DR after 2 h solar pre-
treatment. d) DR after 3 h solar pre-treatment.

Finally, as far the long term dark storage is concerned, the untreated samples presented growth. This ability

is disrupted after 1-2 h of solar exposure and diminished after 3 h. The application of the blacklight lamps

after the solar light exposure, never favored regrowth (photoreactivation) or survival of the microorganisms,

but on the contrary enhanced the continuing inactivating profile inflicted by solar light. This behavior was

also enhanced as the blacklight exposure times were increased; high doses apply more acute decreases

during dark storage times than low ones, and in all cases, actinic BL inflicted more acute inactivation than

the respective BL blue light doses. These facts lead to the conclusion that the extent of damages by solar

illumination modifies, or predetermines a more vulnerable and non-recurring profile of kinetics, when

followed by these two specific wavelengths applied.
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4.6.3. Modification of dark repair kinetics due to pre-illumination conditions: Blue and green light

Figure 4.6.3 summarizes the effects of 2, 4 or 8-h long exposure of the previously solar treated samples to
blue and green light. Starting from the healthy cells of untreated samples, the infliction of blue and green
light in all the used doses, has similar effect in bacterial kinetics. The initial population of this observation
stage (population after the PHR light) is very close to the initial samples. The untreated bacteria are able to
continue reproducing in the dark and increase their numbers over 48 h. In contrast, even 2 h of exposure
under monochromatic light is enough to disrupt the normal reproductive rates, and lead to slightly decreased
population after 48 h. However, increasing the exposure times has almost no effect; the resulting numbers
are very similar. This is an indication of the action of light on bacterial rates, which either does not

accumulate or gets mitigated by self-defense mechanisms of the cell.
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Figure 4.6.3: Results of the 48-h long dark storage after 0, 2, 4 and 8 h of PHR with Blue and Green light. a)
DR without solar pre-treatment. b) DR after 1 h solar pre-treatment. c) DR after 2 h solar pre-treatment. d) DR
after 3 h solar pre-treatment.
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The samples that have been illuminated for 1 h prior to photoreactivation (Figure 4.6.3b) can recover their
damage and demonstrate regrowth. However, all samples that have been exposed to the monochromatic
blue and green lamps are no longer able to express regrowth. In long term, the control sample results in
higher population than the other phototreatment pathways. When 2 hours of treatment were followed by
PHR light, the effects differed significantly than the corresponding 1-h treatment. In 24 and 48 h, there is
noticeable regrowth (Figure 4.6.3c) in the samples that were exposed to green light, which indicates the
non-detrimental effect of the photoreactivating light. However, the final population has reached its
minimum and after 48 h the bacterial counts are similar, for the same dose of PHR light. This indicates that

the exposure to these wavelengths has not diminished their replicating ability completely.

Finally, Figure 4.6.3d demonstrated the effects of the sequence 3-h solar light, and different PHR light and
dose. Compared with the bacterial samples that did not go through monochromatic blue light exposure, the
resulting numbers were higher in all cases, and very close to the population before blue light. It seems that
the cells are benefited more than harmed from this wavelength. On the contrary, only mild (2-h) exposure
to green light seems to have a beneficial long term effect; all other doses inflict total inactivation in 24 h
(4-h green light dose) or directly (8-h green light dose). In the case of total inactivation due to green light,
there is no regrowth observed in the dark, similarly to the case of the efforts to photoreactivate totally

inactivated bacteria, after 4 h of solar illumination.

4.6.4. Modification of dark repair kinetics due to pre-illumination conditions: (Monochromatic)
Yellow and visible light

Figure 4.6.4 summarizes the results of long term storage of previously illuminated samples by solar light,
followed by yellow or visible light. In untreated samples (subfigure a) the dark control samples demonstrate
the normal growth kinetics, as well as the samples that went through exposure to PHR light. Growth was
suppressed compared to the dark control, but in 48 h hours the final population is almost the same. Visible
light has more or less the same effect but i) the recovery in 2 days is higher than the one demonstrated in

yellow lamps and ii) closer to the untreated samples, when exposure was prolonged.

Application of 1 h solar stress followed by PHR yellow or visible light allows very few combinations of
photorecovery of the populations; in Figure 4.6.4b only small doses of visible light are able to increase the
bacterial counts. Another difference in high doses is the relative evolution through the 48 h; when the
sample was exposed for 8 h under yellow light, a temporary decrease was observed, followed by recovery
of the numbers in long term. The kinetics are shifted only after the dark storage of 2-h damaged samples.
All kinetics are declining in long term (Figure 4.6.4c). In short term, visible light doses leave bacteria
slightly stressed, but the tendency after 48 h in the dark reveals a minor decrease in the total number of
cultivable cells. Compared to the untreated cells (only 1-h of solar illumination), the tendency of dark repair

is changed.
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Figure 4.6.4: Results of the 48-h long dark storage after 0, 2, 4 and 8 h of PHR with Yellow and Visible light.
a) DR without solar pre-treatment. b) DR after 1 h solar pre-treatment. c) DR after 2 h solar pre-treatment.
d) DR after 3 h solar pre-treatment.

Finally, heavily damaged bacteria are unable to perform dark repair after their exposure to any dose of
yellow or visible light. Figure 4.6.4d reveals the impact of these wavelengths in long term survival in the
dark. In fact, under high doses of visible light exposure, even low intensity one, after 48 h of storage there
are no longer cultivable bacteria. Also, in both cases the kinetic curves all fall below the dark control
experiments. In the specific case of yellow light, the difference is only a bit less, with the curves being
closely related to the dark control.
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4.7. Quantitative and qualitative assessment of bacterial photoreactivation

4.7.1. PHR light exposure and modeling of the bacterial response

The analysis of the experimental part has revealed a trend over the response of previously phototreated
samples, when exposed to monochromatic or visible light. In overall, for the analyzed solar doses and the
subsequent PHR ones, the populations tended to decrease, with some exceptions. At this point, it is
important to interpret the bacterial response under the prism of a general response to the stress applied and

the risks of PHR demonstration due to these actions.

In order to estimate the amount of PHR induced and relationship between the doses, the different phases of
the bacterial population are divided into Co, C24 and Cas, being the population after solar exposure and PHR
light, plus 24 and 48 h of dark storage, respectively. For this analysis, all data were used (semi-hourly
measurements) without separating the data according to the color of the PHR lamps. The total of 216 tests

were evaluated to point out the statistical significance of the findings.

The first step was the Pearson test, which reveals the correlation between the parameters under
investigation: i) exposure to solar light, ii) exposure to PHR light (dose), iii) 10gCo, iv) logC24 and v) 10gCas.
The results were obtained through analysis by MINITAB 16 for Windows and are summarized in Table
4.7.1. The independent variables (exposure to solar or PHR light) have no correlation, while solar exposure
significantly affects the outcome in short (logCo) or long term, having absolute values higher than 0.8. The
negative sign indicates the negative influence of solar light against bacterial survival. Furthermore, the PHR
dose is shown as negative but with insignificant correlation. this result is influenced both by the majority
of the cases which present further reduction of the bacterial numbers by the PHR light, as well as by the
existence of cases of growth; actual PHR modifies the statistical result to “light negative correlation”
between PHR dose and survival. However, the most important influence is derived through the remaining
bacterial populations at the end of each stage (solar and PHR exposure, 1-day dark storage), with the
Pearson values being greater than 0.8, plus indicating the positive influence of the remaining bacteria in

their survival, from one day to another.
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Table 4.7.1. — Pearson Correlation and null hypothesis values.

Cell
Solar Dose PHR Dose logCo logCos
Contents
PHR dose 0 Pearson
correlation
1 P-Value
logCo -0.823 -0.278
0 0
logCas -0.848 -0.259 0.961
0 0 0
logCas -0.827 -0.29 0.923 0.972
0 0 0 0

The outcome of the whole sequence can be expressed as a general linear model, with independent variables
the solar and PHR light doses and the effects summarized in logCo, logC.4 and logCas, as before. Regression
analysis provided three models for the three cases of short or long term survival. The Gauss-Newton

algorithm was used for the acquisition of the parameters (max iterations=200, tolerance 0.00001).

logCy = Initial population — 0.00107 * Solar Dose — 0.00108 * PHR Dose
logC,, = Initial population — 0.00124 * Solar Dose — 0.00134 * PHR Dose

logCug = Initial population — 0.00127 * Solar Dose — 0.00179 * PHR Dose

Where initial population is in CFU/mL, and solar and PHR dose are in W/m?2.

Finally, the acquired models were tested to estimate the goodness of their fit to the experimental data. Figure
4.7.1 presents an overview of the fit of theoretical (modeled) values to the existing measurements. The fits
of 1ogCo, logC24 and logCas are presented in Figures 4.7.1a, 4.7.1b and 4.7.1c respectively. The assessment
indicates the good fit of the models, (R% 72-77%) with details on the residual errors and R? values being
summarized in Table 4.7.2. The weakness of the models is located in the acute and probably non-linear
accumulation of damage from hour 4 to hour 8, during the exposure to photoreactivating light. However,

the models fit adequately and non-selectively for the 6 types of lamps used in this study.
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4.7.2. Correlation between bacterial response and the applied PHR light wavelength

Although the lamps used in this study cover a significant part of the wavelengths of the solar spectrum that

reaches Earth’s surface, the action modes of each light cannot be attributed to a single wavelength.

Fluorescent lamps emit a relatively broad spectrum, whose peak corresponds to the final output, the selected

color. For this reason, in this part the different lamp colors are correlated with their effect.

Table 4.7.2. — Models evaluation and goodness of fit.

LogCo LogCoas LogCas
RSE 0.7238 RSE 0.7789 RSE 0.8265
R? 0.7369 R? 0.774 R? 0.7588
R2-(adj) 0.7356 R2-(adj) 0.773 R2-(adj) 0.7577
F 599.2 F 733 F 673.3
p-value <2.2e-16 p-value <2.2e-16 p-value <2.2e-16
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Figure 4.7.2 presents an overview of all the experiments presented in the results section. In the vertical axis
the wavelengths are presented (exception: visible light comprises a variety of wavelengths), while on the
horizontal axis is the time of exposure to solar light. For each color, firstly the exposure time to PHR light
is noted, followed by the 24 and 48 h of dark storage. The indicated red stages are the ones resulting in

populations lower than the previous state, while green indicates higher numbers.

As far as the wavelengths are concerned, the BL blue and the actinic BL lamps never present
photoreactivation (exception: 2h of exposure to actinic BL). This is due to the continuous UV action to the
cells, regardless of their previous state of damage. The low PHR rate in the 2-h actinic light dose is due to
the extra wavelength in the far UV region. Blue and green lamps present the most cases of PHR, especially
in lightly damaged cells. In addition, blue is the only color that demonstrates (long term) PHR in heavily
damaged cells (3-h exposure to solar light). This result agrees with the findings of Kumar et al. (2003) for
the correlation between blue light and the UVB-induced damages. Yellow light presents long term effects
of bacterial increase, regardless of the PHR dose in unharmed cells, but has no actual PHR effect; it
probably causes photoactivation of the dormant cells. Finally, visible light has similar effect to the yellow
light, with lower long-term risk of PHR. Nevertheless, it is very important to notice the absence of short or
long term reactivation of the cells that were treated for more than 3 hours. There is no PHR observed neither
during exposure at monochromatic or visible light, nor in the subsequent dark storage time. In contrast with
the UVC action modes, where “total inactivation” is observed, but reversible, solar light has a detrimental

effect towards photoreactivation, inhibiting the reappearance of the cells under light or dark conditions.
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Figure 4.7.2: Overview of the PHR and DR results, grouped per solar pre-treatment dose, PHR dose and dark storage time.
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4.8. Conclusions

Modification of the post-treatment matrix dilutionconditions was experimentally examined within two
groups, temperature and dilution rate in different mediums. When storage temperature was modified,
different responses were observed by the pre-treated bacterial samples. Keeping samples in temperatures
as low as 4°C inhibited growth, but prolonged bacterial survival. This prolongation was slightly correlated
with the dose received during simulated solar treatment. Increasing temperature to 20°C permitted growth
in untreated and lightly treated samples, i.e. 30-90 min of solar illumination, and accelerated decay in the
rest of the samples. Further increase of temperature to 37°C lead to excess growth for all samples except
for the heavily damaged 210 and 240 min treated ones; the observed growth was attributed to the
temperature effects, which are combined with the presence of nutrients, to offer bacteria optimal growth

conditions.

Dilution in different matrices induced various responses according to the osmotic conditions present at the
sample. When treated water was further diluted in wastewater, after a lag phase growth was observed. The
delay was a function of the dose during solar pre-treatment. The exact opposite findings of this nutrient-
rich medium were found when treated water was introduced in Mili-Q water. Inducing osmotic pressure
combined with starvation due to the lack of food source lead to deterministic decay of the samples. Lake
water, although osmotically negative, prolonged survivals due to the existence of baro-protective salts.
Finally, seawater demonstrated the most hostile behavior against bacteria, which were unable to cope with
the difference in osmotic pressure while injured. The survival times were the lowest among the four
matrices. Regardless the matrix, a pattern was observed, where bacteria that were treated for short time
presented high resistance, when were diluted in unfriendly matrices and high growth rates, when growth

was permitted.

The rate of employed dilution investigated various conditions, such as low dilution (50%) up to high rates
(1%). Every matrix caused different bacterial response while being diluted. Wastewater dilutions accepted
positively the dilution in fresh medium, providing higher proportions of food per cell; thus more
comfortable conditions were obtained and in long term lead to the same bacterial numbers, regardless the
dilution rate. Dilution in Lake Leman water, in low rates, provided good survival conditions, but as dilution
was increased, survival was linked to the negative effect of food deprivation and the injuries from solar
treatment. Although seawater is considered a difficult environment for bacterial survival, in low dilution
rates survival was prolonged, after a lag phase growth was initiated. When dilution was increased, decay
was initiated for almost all samples (except 0-30 min of treatment). In 1% dilution the osmotically-induced
decay prevailed, resulting in decay curves for all samples. Control experiments in Mili-Q water verified the
correlation between survival and osmolarity; high dilution rate accelerated bacterial decay, even though

low rates permitted growth after an initial shock/adaptation phase.
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Concerning photoreactivation, the application of 6 different colors of fluorescent lamps on previously solar
treated synthetic secondary effluent caused different response, according to the corresponding wavelength.

In all cases, however, no regrowth or photoreactivation was observed in totally inactivated bacteria.

More specifically, lamps that emit UV-ranged wavelengths (BL blue and actinic BL), even in very low
proportions initiated or accelerated bacterial inactivation, according to the previous damage state of
bacteria. The effect was detrimental both in short term, during the 8-h long PHR time, and in long term
(permanent effect in 24 and 48 h of dark storage). Blue and green light were the only ones to cause mild
photoreactivation. Bacteria in lightly damaged phase and heavily solar wounded bacteria, respectively,
demonstrated in some cases immediate recovery. In long term the effects were more visible, with elevated
bacterial counts, compared to the non-photoreactivated samples. Yellow light has been found to positively
affect growth in non-treated cells, causing photoactivation of the cells. The bacterial pre-exposure to solar
light followed by yellow light showed continuation of the inactivation effects. The response to visible light

resembled the yellow light one, with beneficial photoactivation in relatively healthy cells.

The bacterial response to photoreactivating lights was well correlated with the solar pre-treatment dose,
and linear models were proposed to predict the outcome of low exposure to PHR lights (R? = 75%). In
overall, the risk of photoreactivation is reduced with increased exposure to solar light, regardless of the
PHR wavelength and dose. Contrary to the UVC action mode, solar disinfection inflicts damage in various
levels and targets, minimizing the regrowth potentials of the treated microorganisms. This regrowth risk
could pose a serious threat only in bacteria able to mend the solar-inflicted lesions, even in low

photoreactivating light doses.

The observations in synthetic and real matrices at laboratory level, can enable better design of solar
treatment systems, since some insight has been given on the bacterial survival in a controlled environment.
This work presents some aspects of the complex addressed problem, as an exploration of the boundary
conditions. For instance, the sequential shift between light and dark environment can inflict further bacterial
inactivation in the recipients, during solar exposure, or their regrowth during the night. There are other
crucial matters affecting the survival that need to be taken into account, such as predation by natural
indigenous microorganisms or the diversity of light supply during temporal weather changes. However, the
simulated conditions provide a good approximation, with respect to the real application. Nevertheless, the
philosophy behind the design of solar treatment methods can be implemented with such results that indicate
possibilities for reduced retention times, one of the most decisive factors in these systems. Fecal
contamination can be reduced and aid in more efficient downstream handling of effluents. In that way,
strategies more suitable in the local context can be encouraged, such as safe discharge, controlled irrigation

and use of reclaimed water.
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Chapter 5.

Light intermittence: The effects on
disinfection and regrowth, and the
complementary effect of ultrasound
treatment

5.1. Methodological approach

The present part assesses the potential applications of solar treatment in water reclamation in sunny areas
or areas with poor water quality. Solar disinfection of secondary treated wastewater under intermittent
illumination was simulated in a lab-scale plant, using a synthetic secondary effluent and controlled
laboratory conditions, namely, predefined light supply, wastewater composition, and microorganisms (E.
coli). Also, the use of sonication was investigated as a supplementary treatment system for the dark phase

of intermittent-illumination reactors, as well as different combinations of light, Fenton and ultrasound.

Regarding the light intermittence investigation, the microbial response to different light and dark phases

was evaluated. Specifically, this study focuses on:

1. High-frequency intermittence (3-6 cycles per hour) by recirculating wastewater between a dark
storage tank and an illuminated area. The recirculation in this setup imitates a compound parabolic

collector reactor (CPC), a typical solar disinfection configuration.

2. Low-frequency intermittence, by inserting 1-h, 2-h or 3-h dark phases into 6-hour batch
disinfection tests. These tests simulate the breaks in high-intensity light caused by temporal

clouding in solar batch-reactor applications.

The results were evaluated through process efficiency, in terms of viable plate counts throughout the tests.

Also, dark repair (DR) of the bacterial population was studied on the disinfected samples.

Also, there is a technical issue to be addressed in the intermittent nature of the CPC treatment method, and
the existence of “dead” time among the experiment. Typically, a CPC photoreactor consists of the
illuminated surface and the storage-recirculation tank. The recirculating flow of these reactors creates a gap
in the illumination for as long as water is present in the (dark) storage tank. A proposition is to exploit this
dark time by sonicating the water samples. In the same set-up as the high frequency intermittence tests, the
joint ultrasound/photo-Fenton treatment for wastewater was studied. In this manner two factors that could
work complementing each other can be exploited: firstly, the use of the dark intervals for sonication, along

with the utilization of solar energy for the promotion of a mild photo-Fenton reaction and secondly, the
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supplementary action these processes have, since, for instance, sonication can produce H,O, and
subsequently, could fuel the photo-Fenton process. In this part of study, synthetic secondary effluent was
used, spiked with E. coli K12, recirculating around a sonicated dark reactor and an illuminated batch

reactor, under solar simulated light. The aim is to:

i) Explore the effects of the photo-Fenton factors (light, reactants) and the ultrasonic action (US)
on both short and long-term disinfection events; clarification of the effects is attempted by

stepwise insertion of the participating actions.

i) Investigate the involved operational parameters (recirculation speed, temperature, light
intensity, treated volume and distribution of volumes, iron and hydrogen peroxide content,

ultrasound intensity) in a small-scale set-up.

5.1.1. Recirculation reactors for high-frequency intermittence experiments

In the set-up presented in Figure 5.1.1, synthetic wastewater from a dark storage vessel (400 mL) was
pumped by a peristaltic pump through three glass reactors (diameter 3.8 cm, effective irradiation surface
214.8 cm2), connected in series, of total volume 230 mL. The third reactor effluent was fully recirculated
back to the dark storage vessel. The in-series reactors were irradiated by the Suntest apparatus, as explained
before. Three different flow rates were essayed: 1.87, 3.44 and 4.39 L/h. The total of 700 mL wastewater
in recirculation was completed by the water present in the recirculation system (70mL). The hydraulic
calculations deriving from these settings are summarized and presented in Table 5.1.1, named cases |, Il
and 1. Sampling was made through the external (dark) vessel; samples were drawn from the bottom and

the recirculated wastewater returned at surface level in the vessel.

Furthermore, the illuminated volume was the 32.9% of the total volume, 10% was within the recirculation
system and 57.1% remained in the dark, in every moment. In terms of light, the last two percentages
constitute the total volume in the dark and the subsequent dark-to-light ratio is 2.04. This rate was constant
within the three cases. Hence, the problem is reduced to the effect of the number of full cycles achieved

within the 4 hours of the experiment and whether it affects the disinfection rate.
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Table 5.1.1 — Summary of the hydraulic characteristics of the high-frequency intermittence experiments
(cases I, Il and IlI).

Case I: 1.87 L/h Case 11: 3.44 L/nh Case I11: 4.39 L/h
Light Exposure Light Exposure Light Exposure

J ) P 7.38 min g ) P 4.01 min g ) P 3.14 min
Time Time Time

] ] Dark Storage . Dark Storage .

Dark Storage Time | 15.08 | min ) 8.2 min ) 6.42 min
Time Time

Full Cycle Time | 22.46 | min Full Cycle Time | 12.21 min Full Cycle Time | 9.57 min

In 240':
Number of Full Number of Full Number of Full
11 cycles 20 cycles 25 cycles
Cycles Cycles Cycles
Total Exposure ) Total Exposure ) Total Exposure )
78.86 min 78.86 min 78.86 min
Time Time Time
) ) Total Storage ) Total Storage )
Total Storage Time | 161.1 min ] 161.1 min ) 161.1 min
Time Time
Total Time 240 min Total Time 240 min Total Time 240 min
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Suntest Apparatus

Recirculation Pump

N
Dark storage tank

Figure 5.1.1: The 3 in-series reactors utilized in cases |, Il and 1l of high frequency intermittence experiments. The flow is clockwise, water is introduced at surface
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5.1.2. Low-frequency intermittence in batch tests
The second part of the experiments, that included light intervals of 1-3 hours, was also developed in a
Suntest apparatus and included the irradiation of the wastewater sample and its stoppage by removing the
reactors from the light source. 50 mL batch reactors were used, made from Pyrex Glass (diameter 3.8 cm,
height 9 cm with cap neck included, total volume 60 mL, effective irradiation surface 70.6 cm?), over

constant mild stirring.

Within six hours, there can be 14 different combinations of light intermission, for 1, 2 and 3-hour light
stoppage. Sampling was performed hourly, regardless whether the sample was illuminated or not; reactors
were removed from the Suntest and placed inside a dark box in ambient temperature. Initial bacterial
population was approximately 108 CFU/mL in all experiments. Table 5.1.2 presents a summary of the 14
different scenarios, indicating the interval of time without light exposure. Scenarios 1-4 withhold 1 h of

break, scenarios 5-10 of 2 h and scenarios 11-14 of 3 hours.

Table 5.1.2. — Light scenarios in low-frequency intermittence tests.

Scenarios 1h 2h 3h 4h 5h 6h
S1 on off on on on on
S2 on on off on on on
S3 on on on off on on
S4 on on on on off on
S5 on off off on on on
S6 on off on off on on
S7 on off on on off on
S8 on on off off on on
S9 on on off on off on
S10 on on on off off on
S11 on off off off on on
S12 on off off on off on
S13 on off on off off on
S14 on on off off off on

Dark repair of the E. coli present in the artificial wastewater was studied in ambient temperature (20-25°C),
in absence of light, following the irradiation of the sample. The wastewater samples acquired during hourly
sampling of the disinfection study of both high and low-frequency experiments, were stored in 1.5 mL

sterile Eppendorf caps or the very same batch reactor previously exposed under illumination. The survival
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of E. coli was measured 24 h after every sampling time while regrowth was measured after 24 and 48 h in

the dark for the final sample, after 4 hours of illumination.

5.1.3. US/pF tests

The experimental configuration permits the sequential treatment of the synthetic wastewater; US/photo-
Fenton treatment was taking place (or vice versa).The ultrasonic waves (275 kHz) were emitted from a
piezoelectric 4-cm disc, fixed on a Pyrex glass plate adjusted to the bottom of the double-walled reactor.
The intensities applied in all experiments were 10, 20 and 40 W. The electric power was the chosen method
to calibrate the ultrasonic equipment. The in-series reactors were irradiated by the Suntest apparatus. The
global irradiance values used in this part were 800, 1000 and 1200 W/m?, while the corresponding UV

values were approximately 20, 25 and 30 W/m?.

5.1.4. Experimental design on US/pF coupling

Two sets of experiments were performed. In a first set of 8 experiments, that is referred to as step-wise
construction of the joint treatment process, the elements of the US/hv/Fe/H;0, joint treatment were
gradually and accumulatively applied to the wastewater, in order to determine the individual role of each
factor and to detect any synergy among them. Table 5.1.3 shows the conditions corresponding to each
individual treatment factor when applied. Table 5.1.4 summarizes the four subsets of experiments in the
step-wise design.

Table 5.1.3. — Parameters involved in the joint treatment process.

Factors = Values Other parameters

Light 1000 W/m? Temperature: 30°C

Ultrasound 20 W Recirculating Flow rate: 4.39 L/h

Iron 1 ppm Treated Volume: 500 mL

H20: 10 ppm Initial Population: 106 CFU/mL

In a second set of experiments (improvement of the process efficiency), eight different variables were
individually modified at three levels, while keeping the other variables constant, in order to obtain improved
working levels for each variable. Table 5.1.4 displays the three values (levels) essayed for each variable. In
each experiment the remaining parameters were kept constant and set to the central value shown in the
table.
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Table 5.1.4. — Subsets of experiments in the step-wise construction of the joint hv/US/Fe/H20: treatment

process.
Experiments Treatment constituents
WW and WW/Fe/H20;
1-2 - Wastewater with no treatment

- Wastewater + Fe/H,0,

US and US/Fe/H,0;
3-4 - Wastewater+US
- Wastewater+US+Fe/H,0;

hv and hv/Fe/H,0;
5-6 - Light
- Light+/Fe/H,0, (photo-Fenton)

hv/US and hv/US/Fe/H,0;
7-8 - Light+US
- US+photo-Fenton

Table 5.1.5. — Overview of the investigation of the operational parameters.

Hydraulic
Pump rpm 33 66 99
No. of Illuminated vessels 1 2 3
Wastewater volume (mL) 500 600 700
Environmental
Temperature (°C) 10 20 30
Light Intensity (W/m?) 800 1000 1200
Fenton / Ultrasound
H.O, Concentration (ppm) 5 10 20
Fe Concentration (ppm) 0.5 1 2
US Acoustic Power (W) 10 20 40

1Central values are annotated with bold.
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5.2. Effects of high frequency light intermittence

5.2.1. Disinfection of the bacterial population under different recirculation flow rates

Figure 5.2.1 shows the evolution of disinfection throughout the 4-hour light intermittence experiments.
Intensity was set at 1200 W/m?. The recirculation rate for the controls was performed in at 99 rpm. A slight
increase in bacterial concentration is observed in the non-irradiated control, which is consistent with
nutrient presence in the synthetic secondary effluent, and with dark conditions. The continuous irradiation
control shows a consistent exponential reduction in E. coli of 6 logio units in 3 hours (2 logio per hour).
Introduction of light intermittence (2.04 dark-to-light ratio) drastically impaired disinfection, yielding
poorer bacterial inactivation in 3 h: 0.62, 0.33, and 0.06 log1o, for cases I, Il and I11. Slightly better values,
were obtained at the end of the experiment (4 h), numbering 0.87, 0.49 and 0.14 logse units for cases I, II,
and 111, respectively (see Table 5.1.1).

All light intermittence experiments applied a total irradiation time of 78.9 min. However, experimental
kinetics proved to be very sensitive to the recirculation rate, i.e., to the length of the irradiation/dark cycle.
As shown in Figure 5.2.1, disregarding transient effects during the early latency period, inactivation rates
were greater for greater recirculation rates. This is in accordance with a previous research by Fernandez et
al. (2005). These authors speculated that their bacterial inactivation is due to mechanical stress; however,
the maximum recirculation rate here was almost 70 times lower than their minimum and the subsequent
stress considerably lower as well. Dark control experiment was performed in the same experimental setup
and growth of the population was observed instead. Consequently, inactivation due to mechanical stress

under the present experimental conditions is either negligible or lower than the bacterial growth rate.

The disinfection curves in Figure 5.2.1 also reveal that the most important observation lies within the
correlation between the flow rate and the overall inactivation efficiency. It is shown that as the recirculation
rate rises, and therefore the completed recirculation around the illuminated part, higher bacterial
inactivation is achieved as the cumulative dose increases and, in absolute numbers, rates of 87.1, 49.3 and
14.3% were obtained in cases I, Il and I, respectively. In absence of intermittence, the profound effect of

intermittence is demonstrated by the total inactivation achieved in 3 hours of non-intermittent illumination.
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High frequency light intermittence:
Disinfection & Regrowth
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Figure 5.2.1: Disinfection curves and subsequent regrowth of remaining bacteria after the completion of the recirculation tests, within 2 days in cases |, Il

and Ill. The accompanying graph presents the distribution of light and dark during the 4-hour long experiments.
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It is also shown that the sample that recirculates faster spends more intervals in the photoreactor, although
shorter ones. That leads to more frequent exposure to sunlight and according to multi-hit and multi-target
theory of Harm (1980), more effective illumination periods, as proved by Berney et al. (2006). This takes
place because the light source is given more opportunities to hit the n number of sites needed to inactivate
the bacteria. However, when the recirculation rate is lower, the longer dark storage times are strongly
affecting the process, giving the necessary time to bacteria to recover from the hits taken during the
exposure time. Even in slightly turbid waters, bacteria can be sheltered by aggregation and shading from
particles against light attacks. Therefore, faster recirculation disaggregates the bacteria in the suspension

and with the aid of the higher appearance rate under the light source, bacterial disinfection is favored.

All curves in Figure 5.2.1 reveal a fluctuation in inactivated bacteria within the first two hours. Lower
recirculation rates during the first hour lead to larger initial bacterial inactivation, due to the longer light
exposure; the experimentation is initiated with the three reactors into the solar simulator filled with
suspended bacteria that suffered longer initial non-interrupted light exposure. Also, subsequent longer dark
storage times resulted in sharper transient adaptation or recovery with local maxima. In other words, during
the first 60 minutes, the lower recirculation rates, that spend longer un-interrupted periods in the light,
presented lower bacterial numbers, contrary to the higher recirculation rates, that demonstrated a relatively
constant population. Bacterial growth is favored in this nutrient-rich medium, and result in bacterial growth
in the dark tank. On the other hand, the recirculation did not allow bacteria to spend long time in the dark,
but slowly accumulate the necessary dose required, while limiting the growth in the dark. Also, notice
should be taken on the positions of the sampling and recirculation tubes; the positions were chosen to avoid

short-circuiting and therefore false bacterial numbers.

Moreover, it is shown that there is a variable period of adjustment of the bacterial population to the new
conditions; 100 minutes for the highest recirculation rate and around 180 minutes for the lowest one. This
is a common observation in almost all sun-driven experiments and is often expressed as a shoulder effect
(Harm, 1980; Sinton et al., 1999; Berney et al., 2006; Ndounla et al., 2013); in continuously irradiated
samples, this phenomenon is attributed to initial defense mechanisms, but here it reveals the need for a
cumulative amount of dose that is required to be provided in order to efficiently decrease the populations,
as described by Misstear et al. (2013).

In addition, the factor of temperature was neglected and not accounted as a possible inactivation path for
bacteria. Water temperature was measured along the experiment with a thermometer in the storage tank and
the measured values ranged between room temperature (21°C) and 32°C, stabilized around the upper edge.
It has been reported that E. coli after being dispersed in water solutions are stable between these
temperatures, because there is no thermal effect on bacterial viability (Fernandez et al., 2005; Sichel et al.,
2007a)

According to Sichel et al. (2007a), around this temperature the metabolic activity of bacteria is higher,

leading to higher risks of osmotic damage to the cells. However, the aquatic matrix that withheld the
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bacterial suspension is artificially recreated wastewater, simulating the effluent of secondary treated
wastewater. Thus, anions and organic matter from the wastewater provide nutrients for bacteria; their
viability is maintained in higher levels than the experiments held in distilled or demineralized water
matrices and the osmotic pressure is of minimum effect. The solution of wastewater already contains
calcium and magnesium ions, which are the first ions detected in suspension when bacterial cells are subject

to lysis in unfriendly environments (Marugan et al., 2010). Therefore, cell’s demands for survival are met.

5.2.2. Bacterial regrowth (due to DR) after high-frequency intermittence irradiation

Figure 5.2.1 also shows the bacterial regrowth after 24 and 48 hours by the end of the experiment. No
regrowth was observed after 48 h, while only one of the samples (corresponding to the maximum
recirculation rate) presented some regrowth after 24 h. Figure 5.2.2 presents the regrowth and the bacterial
survival rate as well. In most cases it is shown that the applied light dose in this particular intensity was
enough to permanently damage the bacteria after one hour of cumulative exposure. As the process
continues, the germicidal effect of light is more obvious, but not definite (see Figure 5.2.1, 4.39 L/h, bar:
180 min). A longer observation period could reveal for both cases whether survival is permanent or
temporal.

It can be also observed that in overall, the applied irradiation time, of 78.16 minutes, is enough to reduce
bacterial regrowth potential for at least 48 h of subsequent dark storage. Moreover, Figure 5.2.1 clearly
shows a trend of lower survival rates after 24 and 48 h of dark storage, for samples previously submitted to
rising recirculation rates. It is clear that as recirculation rate increases, the regrowth potential of bacteria is
increased as well. As percentage of initial bacterial concentration, the survival rate is 14.1, 11.3 and 8.80%,

for cases I to Ill, respectively.
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Figure 5.2.2: E. coli survival after 24h of dark storage in cases |, Il and Il with recirculation rates 1.87 L/h, 3.44 L/h and 4.39 L/h, respectively. The results
present the evolution of the remaining fraction of bacteria during the experiment (sampling every 1 hour), after one day (error is less than 5-10% in all of
the cases).
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As described before, longer dark periods result in more time available for bacteria to repair and deploy
defense mechanisms, even if bacteria have previously suffered longer illumination periods. Similar
observations were made by Rincon and Pulgarin (2003), noting the importance of intermittence in survival
of bacteria. Hence, intermittence has an effect in regrowth as well; the same defense mechanisms described
by Misstear et al. (2013) strengthen bacteria and favor their survival. It must be reminded that bacterial
growth is favored in this matrix, due to the presence of nutrients, and the long-term effect of bacterial
inactivation is due to their inability to survive, and not from external or environmental factors. Therefore,
the integrated light dose applied during the intermittent irradiation has been enough to induce an irreversible
damage, in an extent enough to limit bacterial regrowth for the following 48 h. The importance of estimating
this period was highlighted by Rincon and Pulgarin (2003) and as it seems in this case UV has rendered
bacteria unable to reproduce and probably has inflicted lethal damage after the 4 hours of experiment, which
ensures bacterial decay in the post-irradiation period. The neighboring bacterial counts after 1 and 2 days
indicate that under the employed conditions the dose is the decisive parameter, when regrowth is under

question, since similar cumulative light dose resulted to similar bacterial counts.
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5.3. Low-frequency intermittence in batch tests (cloud simulation)

5.3.1. 1-hour dark intervals

Figure 5.3.1a presents Scenarios 1 to 4 (see Table 5.1.2), in terms of bacterial population over time. In these
scenarios, 1-hour illumination stoppage was performed, during the 2", 3, 4" or the 5" hour of the
experiment. There is a series of findings within this graph, which demonstrate the importance of continuous
illumination of the bacterial sample. For instance, Scenario 4 receives un-interrupted illumination until the
5th hour and as a result, total inactivation takes place in 3 hours. Same applies for Scenarios 2 and 3, where

2 and 3 hours of continuous irradiation is provided to the samples.

By applying an irradiance of 1200 W/m? it is shown that this time period of 2-3 hours is enough to inflict
lethal or, at least, non-repairable damage; after 3 hours, illumination was paused for an hour and bacteria,
initially enumerated close to the detection limit, were no longer viable. Common characteristic in all the
runs, a shoulder effect during the first hour of illumination, as discussed above and by previous researchers
(Berney et al., 2006; Misstear et al., 2013). Effort was made to maintain the bacteria in stationary phase
before their introduction to the synthetic wastewater so as to eliminate this concern. However, the first
phases of adaptation in the new environment are usually unstable and here, along with the presence of
nutrients, the favored bacterial growth is hindered by the strong and continuous illumination. Therefore,

the shoulder effect is visible in all scenarios.

Finally, it is clear that bacterial inactivation is favored when the dark interval takes place in the last hours.
In the case that inactivation was complete during illumination, it is shown that there is no obvious recovery
of the bacterial population within the studied 6 hours. The introduction of an early dark period of 1 h
resulted in an increase in the required time for total disinfection. The earlier the 1-h dark interval was
introduced, the longer the increase in the time required for total disinfection: 2 additional hours when
darkness was applied during the second hour, 1 additional hour if in the third hour, 1 additional hour when
applied in the third hour. The required time for total disinfection significantly decreases with increasing
lengths of the initial uninterrupted irradiation time: From 300 min for 1 h to 180 min for 4h of uninterrupted

irradiation time.
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Figure 5.3.1: 1, 2 and 3-hour light interval scenarios (a, b & ¢), and regrowth of Scenarios 2, 8
and 11 (d). The continuous line represents the illuminated periods while the dotted line
represents the dark intervals.

5.3.2. 2-hour dark intervals

In Figure 5.3.1b are presented the Scenarios 5 to 10, demonstrating the disinfection curves of the
experiments including a 2-hour break within the irradiation. The normalized disinfection data presented in
this Figure, suggest clearly a modification on the kinetics of the inactivation process. In the case of 1-hour
intervals the disinfection curves were almost linear after the initial shoulder; in this figure the linearity is
kept in the cases with three consecutive hours of illumination, before or after the dark period, especially
when the 2-hour dark period is consequent. Clearly different slopes are generally observed in the segments

corresponding to dark periods (dotted lines), reflecting the absence of disinfecting force.

The subsequent inactivation after the temporal stoppage of the irradiation is interesting, due to the inability
of bacteria to reproduce and in parallel, the infliction of damage heavy enough to make it impossible to
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recover. It has been reported that UV-irradiated E. coli present accelerated senescence, an irreversible state
of dormancy, due to the accumulated damage in cell’s components over time (Stephens, 2005; Bosshard et
al., 2010b). Therefore, remaining bacteria fall into either the cultivable and active category that continue to
reproduce or the dormant ones. In terms of total disinfection times, they vary from 3 to 5 hours, similarly
to the 1-hour Scenarios; however, it is observed that two or three hours of non-stop irradiation is of
irreversible effect. Similarly as the 1-hour intervals, the total experimental time decreases from Scenario 5
to 10.

Scenario 10 describes the only case of constant illumination during the first 3 hours and therefore
demonstrates the smallest required time for total disinfection. Conversely, Scenarios 5, 6 and 8, describe
the worst case; the sample of Scenario 5, after 1 hour of illumination is kept two hours in the dark, allowing
the pre-mentioned repair and defense mechanisms to be developed. Hence, the overall required time is
greater. Scenario 6 is also one of the worst possible scenarios, because of the same protection methods
described before; every one hour irradiation is stopped for one hour and the fluctuations in intensity increase
the chances of bacteria to escape the lethal effect of solar light. Also, during Scenario 8, the necessary 3
hours of irradiation are interrupted by two hours of dark storage. Similarly to Scenario 5, this effect leads
to a total of 5 hours for total inactivation. Finally, Scenarios 7 and 9 represent a 2-hour non-continuous

interval, where one of the 2-hours break took place after disinfection was complete.

5.3.3. 3-hour dark intervals

The last tests concern 3-hour continuous or intermittent breaks; 4 scenarios, Scenario 11 to Scenario 14 are
presented in Figure 5.3.1c. The time needed for total inactivation is similar among scenarios, approximately
6 h. The kinetics of each scenario are reflected in the steepness of the curves, with the less inclined parts
highlighting the dark storage periods. Scenario 14 demonstrates the fastest inactivation rate, being the only
that receives light for 2 hours in a row, followed by Scenario 13, 12 and 11. Scenario 13 is more effective
than Scenario 12, because of the extra hour illumination it receives, compared to the ones of Scenario 12.
Scenario 11 is the worst case scenario, because it represents a situation where 60 minutes of illumination
are followed by 180 minutes of dark storage. All the actions that prevent bacterial decay are present here;

however, this light intensity is enough to inflict considerable damage on bacteria.

These findings verify once more that in a period of six hours, the bacterial population is eliminated. It is
concluded from these scenarios that in the present conditions there is a cumulative amount of light dose to
be gathered before total disinfection; a dose corresponding to the total amount of 3 hours in this irradiance
is enough to disinfect bacteria in artificial wastewater. For lower light intensities, lower rates and, therefore,
higher required times are expected, in accordance with the findings of other researches (Benabbou et al.,
2007). However, the investigation shows a significant degree of tolerance to illumination interruption for

some hours. These results are encouraging, under the scope of extrapolation to the real light situations.
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5.3.4. Durability of the process — Bacterial regrowth due to dark repair mechanisms

In order to assess the regrowth risk of the disinfected samples, the glass batch reactors were kept in the dark
for 48 hours and sampling was made every 24 hours of storage in the dark, in ambient temperature, as
described in the previous section. The scenarios selected and presented in Figure 5.3.1.d are Scenario 2, 8
and 14. They were selected as an average case, of 2-hour constant exposure to sun rays and then submitted
to 1, 2 or 3 hours of constant dark storage. Also presented, is a disinfection experiment in the exact same
conditions, but without light intervals.

The importance of dark storage has been stated before; therefore, 1, 2 and 3 hours of dark storage would be
expected to present increasing survival rate, accordingly to the effect of repair during the experiment. As it
seems, these mechanisms were completely unable to reactivate bacteria while stored in the dark. The
cumulative amount of solar irradiation has probably exceeded the threshold needed to completely inactivate
life functions of bacteria. All scenarios presented no regrowth, regardless of the presence or absence of dark

intervals.

Comparing these results with the effects of light intermittence in the previous experimental set-up, it seems
that the most decisive parameter concerning bacterial inactivation, as well as dark repair, is the continuous,
un-interrupted exposure to light. Although in both cases the irradiation rendered bacteria unable to regrow,
it was due to the continuous illumination type and the bigger light residence times that the process became
more efficient. In the latter case of the fourteen scenarios, since total inactivation is reached, no bacterial
regrowth is observed, indicating their destruction since no reappearance is observed in any case, when in a
favorable environment.
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5.4. Results of the step-wise construction of the joint US/pF treatment process

As far as a potential application of mild photo-Fenton assisted by high frequency/low power ultrasound is
concerned, moderate concentrations of reactants are suggested for the evolution of this work, after an initial
investigation. At 1000 W/m? light intensity, an addition of 1 ppm iron and 10 ppm of H,O, will be used, as
marginal values of Fenton reagents and 20 W of US power.

5.4.1. Disinfection experiments

i) Experiments: 1-2 (WW and WW/Fe/H,0,).

Figure 5.4.1a presents the results of the first part of the experiments, where neither light nor US was applied.
Wastewater was recirculated around the non-illuminated, non-sonicated experimental set-up and the
corresponding graphs describe the changes when H;0- and iron were added to the solution. An increase of
the population is observed when no reactants were added, due to the existence of nutrients and salts that
favor bacterial growth in this water matrix (Marugan et al., 2010). H2O- is a substance with disinfecting
action, while iron itself is not toxic for bacteria. The addition of both reactants causes the initiation of the
Fenton reaction, which has a slow, but existing disinfecting ability and within a timeframe of 4 h, a 24.4%

reduction in the initial population is noted.

ii) Experiments: 3-4 (US and US/Fe/H;0,).

Figure 5.4.1b demonstrates the effects sonication has on samples, alongside with the stepwise insertion of
the Fenton reagents. The sample recirculates around the ultrasound vessel and the non-illuminated area,
being subject to intermittent high-frequency, low intensity sonication. When ultrasound alone is applied,
there is a decrease in total bacterial numbers, approaching 27.9%. The concurrent addition of both Fenton
reactants (H2O, and Fe?*) in the sonicated sample causes an 82.1% reduction in the bacterial population,
compared to 27.9 % reduction for US treatment and 24.4% for Fenton treatment alone. This indicates a
synergy between sonication and the Fenton reagents; a synergy factor of 1.57 is demonstrated by the

disinfecting efficiency of the reactions.
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Figure 5.4.1: Experimental results from the coupling of photo-Fenton and sonication. a) Experiments 1-2 (WW and WW/Fe/H203), b)
Experiments 3-4 (US and US/Fe/ H202), c) Experiments 5-6 (hv and hv/Fe/ H202) and d) Experiments 7-8 (hv/US and hv/US/Fe/ H202). e) Long-
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During sonication, the breakage of the cavitation bubbles can lead to the formation of an almost point-sized
heat source (Butz and Tauscher, 2002; Fellows, 2009), with local temperatures approaching 2000 K and
pressures of 200 atm. These extreme conditions can cause lysis of water molecules and along with that,
extra production of hydroxyl radicals (Hua and Thomson, 2000). The presence of the afore-mentioned
particles in real wastewater and the bacteria (in the employed matrix) could also play another important
role, since the collapse of the cavitation bubbles near a particle in the medium could cause micro-jets,
depending on the size of the particle (Holm et al., 2008) and could also form “weak spots” in the body of
the liquid; these are potential places to form a cavity (Leighton, 1994). It has been also reported that the
presence of some salts causes a baro-protective effect on the cells (Molina-Hoppner et al., 2004) and
samples with higher contents of soluble solids would require higher sonication times. Apart from the
physical damage, during the ultrasound treatment of the sample, there is ample generation of reactive
oxygen species ("OH radicals (Mason and Tiehm, 2001), singlet oxygen (Davidson et al., 1987; Matsumura
et al., 2013), as mentioned before, which are known to stress bacteria and lead to cell death (Spuhler et al.,
2010; Ndounla et al., 2013).

Finally, the addition of peptone (present in the synthetic wastewater) and in general, the presence of
nitrogen compounds has been reported to delay the sonicated degradation of phenols (Zaviska et al., 2014).
However, nitrogen, under the presence of ultrasound waves can form NOXx (nitrate and nitrite). Its reaction
with singlet oxygen (as produced before) produces peroxynitrite (ONOQO") (Novo and Parola, 2008).
Peroxynitrite is included in the reactive nitrogen species and can cause significant injures to various

structures of the cell (free radical damage or attack against the respiratory chain) (Novo and Parola, 2008).

The synergistic action of US and Fenton processes can be attributed to the exploitation of the recombined
H20, (from *OH), which is less oxidative than the hydroxyl radical itself, and with that, the re-initiation of
the Fenton reaction with new reactants. Also, the ultrasound process, according to Kryszczuk (1962)
increases the transient breakage of the bonds among the molecular components of the cell membrane, which
increases the permeability of the cell in external substances (Dahl, 1976). Therefore, the introduction of
Fe?* in the cell is easier and its presence inside the cell can produce hydroxyl radicals very close to vital

functions of the cell, as well as the DNA (Spuhler et al., 2010) due to the induced internal Fenton process.

iii) Experiments: 5-6 (hv and hv/Fe/H,05).

The 3" set of experiments is dedicated to the investigation of the impact of light in the sequential process.
In all experiments light is provided at 1000 W/m?, but in total, intermittent irradiation is provided to the
system; there is an illuminated regime and a non-illuminated one, in the Suntest apparatus and the (inactive)
sonication vessel (and tubing). In the previous sections (5.2 and 5.3), the impact light intermittence has on

bacterial disinfection and survival was demonstrated, while continuous supply or very fast recirculation
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around illuminated and dark regimes favors disinfection, with the same set-up. Therefore, photo-Fenton is

promoted in non-intermittent regimes or, as in this case, short dark interval periods.

As it can be seen from Figure 5.4.1c, light, even in non-continuous form, is very effective and results in
high inactivation rates. Its disinfecting action is dominating the removal process, until the Fenton reagents
are present, and solar-assisted photo-Fenton is induced. The action of photo-Fenton is taking place within
the Suntest and dark (normal) Fenton takes place during the rest of the time, in a 0.85:1 time distribution
(46% photo-Fenton over 54% Fenton). After an initial delay, which is demonstrated as a shoulder in the

graph, reaction is more effective by the hv/Fe/H.O; than the corresponding solar treatment.

Spuhler et al. (2010) have reviewed the mechanism of bacterial inactivation by the photo-Fenton reaction
in near-neutral water with organic components, and have suggested the possible sources of ROS production
and cellular photooxidative damage, as well as the damage done by the ROS themselves, deriving from the
photo-Fenton reaction. In the suggested treatment method, these mechanisms are completely compatible,
explaining the majority of the actions and other works on near-neutral photo-Fenton mechanisms describe

fully the mechanisms.

iv) Experiments: 7-8 (hv/US and hv/US/Fe/H;0y).

The final group of experiments are presented in Figure 5.4.1d. This graph summarizes the results of the
joint treatment by light and ultrasound. It is clear, after a comparison with Figure 5.4.1c, that when light is
present, its disinfecting action is dominating the process. However, it is noticed that the only case total
disinfection is achieved, is by the sequential US/pF system. In this system, wastewater spends its time
distributed 46% under photo-Fenton, 14% in the dark (dark-Fenton) and 40% in the sonication vessel
(US/Fenton). The experimental time has less inactive periods, and it is observed that it has a significant
impact in the total inactivation of the bacterial populations in less than 4h. Here, the photo-Fenton/US
synergy is low in terms of bacterial counts, efficiency was improved in a relatively low percentage, but
only the coupled process resulted in total disinfection in 4 h. The elevated efficiency and total inactivation
for the first time, is attributed to the combination of all the previous actions (in US and/or light), as well as

the following actions (a graphical summary of all the actions is presented in Figure 5.4.2):
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Figure 5.4.2: Suggestion of the added actions sonication has towards bacterial inactivation, when coupled with photo-Fenton.
The known photo-Fenton mechanisms suggested by literature are not displayed.
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The hydroxyl radical is a short living ROS, and it occurs not to reach the target in all cases and
often recombines to create H,O, (Torres et al., 2008). Therefore, the addition of ultrasound directly
produces hydroxyl radicals and H2O-; the "“OH directly attacks the cell and H,O- participates in the
photo-Fenton reaction (2). Alongside with the added H2O, there is additional production, fueling

the Fenton reaction and thus, improving the overall efficiency of the treatment.

As described before, with ultrasound waves, the loosening of transient bonds and insertion of Fe?*
in the cell is increased, which promotes the internal Fenton reaction. After the completion of the
Fenton reaction, light reduces Fe®** to Fe?*, and re-initiates a radical production inside the cell

(internal photo-Fenton).

Low frequency ultrasound has been proven (Chauhan, 2004) to reduce Fe®" in the form of ferrous
ions (Fe?*). The average size of the bubble however decreases when frequency is increased, as in
this system (Brotchie et al., 2009); nevertheless, cavitation still takes place. Therefore, it is possible
that an action like this could provide an additional source of iron available for the photo-Fenton
process, and progress the regeneration of the catalyst in the (otherwise) non-illuminated part of the

time. In that way, more available ferrous ions can be present in the solution.

The interior part of the bubble, under implosion conditions, is known to emit light, under the
phenomenon of sono-luminescence (Hua and Thompson, 2000) due to the extreme temperature
and light conditions. The optical aspects of this phenomenon have been studied (Didenko and
Pugach, 1994) and the emitted light wavelengths fall into the necessary ones possibly able i) to
induce the regeneration of the photo-Fenton reaction catalyst, ii) inflict direct UV damage to the

cell. However, the necessary energy to achieve this is still under question.

Apart from the radicals’ production through the normal photo-Fenton cycle, the presence of light
is participating in another series of reactions with nitrogen compounds. The photolysis of nitrate
and nitrites (produced by the participation of the US in the process) can lead to additional hydroxyl

radical production (Zaviska et al., 2014):
Photolysis of Nitrate:

NO3 +hv - NO7 +20, (3)

NO;~ + hv - NO,.+ 0" (4)

0~ 4+ H,0 & HO "+ OH™ (5)
Photolysis of Nitrite:

NO; + hv - NO°+ 0 (6)

0"~ + H,0 & HO"+ OH™ (7)
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5.4.2. Post-processing events: long-term disinfecting activity of the joint process

The monitoring of the bacterial population for 48 h after the completion of the experiment has indicated
some rather interesting aspects on the characteristics of the driving forces of the joint disinfection process.
Figure 5.4.1e demonstrates the post-treatment bacterial counts, starting from the moment the reactions have
stopped (4-h mark). There are two big groups of charts being distinguished, which present different
behavior: the non-irradiated and the irradiated processes.

First of all, it is observed that if there is no light or US treatment involved, as expected, bacterial populations
tend to increase their numbers. The presence of the Fenton reagents inflicts a constant, but relatively slow,
elimination of the present bacteria. The bacterial population in the sonicated samples (square traces),
although having survived the 4 hours of sonication, is significantly lowered in the days following treatment.
This observation seems to suggest some type of permanent damage that has affected their cultivability.
Even more, the US/Fenton treatment has shown that even with high remaining bacterial values, after 2 days,
the damaged bacteria have almost completely succumbed, due to the combined sonication damage and the

Fenton reaction that was still ongoing.

The long term effects caused by the sonication of the water sample can be summarized as follows: The
employed acoustic range promotes the production of hydrogen peroxide, which is an indicator of the
formation of other oxidative species (Hua and Thompson, 2000). In this frequency, the generated hydroxyl
radicals are easily transferred away from the bubbles (Hua and Hoffmann, 1997; Petrier et al., 1992; 1994;
1996. The high-frequency damages include dislocation of the cell membrane, which often leads to
intracellular content leakage, due to the disruption of the cell wall integrity (Koda et al., 2009; Joyce et al.,
2011). As a result, bacterial viability is lost; a gradual degradation of the cell membrane takes place due to
the attacks of the hydroxyl radicals in the medium and vital parts of the bacterium are attacked (Broekman
et al., 2010; Koda et al., 2009), reduced potassium uptake and restricted DNA and protein synthesis have
also been reported (Haas et al., 1980). Also, programmed cell death and cell apoptosis were also recently
mentioned (Moody et al., 2014), which explain the delayed inactivation of cells. These processes can
explain the behavior of the sonicated samples for the 48-h monitoring period. Finally, in the combined
process before, the greater iron uptake by the cells due to its transformation (Kryszcuk, 1962 and Dahl,
1976) was mentioned before. This process is of high significance, supported by the post irradiation events;
within 48 h there are no more cultivable bacteria, and comparing with the plain dark Fenton process, the
change is attributed to the already apoptotic cells, which are easier to succumb to further oxidative damage

after their sonication and finally to the increase of the internal Fenton process.

The second group of experiments, where light treatment was involved, all demonstrate zero counts within
two days. Light has significantly impaired bacterial reproduction and all samples that were irradiated lead
to total inactivation. Photo-Fenton treatment has proven to completely inactivate in less time (<24 h), totally

eradicating the small bacterial counts left during the treatment. Total inactivation can however be reached
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within 24 h under joint US/solar light treatment even in the absence of iron, due to the sequential damaging
by US and solar light. No regrowth was observed in any of the experiments within a 48h period. In addition

to that, the coupled US/pF process, has maintained its zero count throughout the 2-day period, with no
noticeable regrowth or recovery.
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5.5. Improvement of the process efficiency: Investigation of the operational
parameters involved in the US/pF coupling

Having observed the total and permanent inactivation for the solar-assisted US/pF system, it is interesting
to examine how other types of operational parameters could influence the process efficiency. Possibilities
for improving the process and investigating its flexibility and robustness are ample. The parameters to be
studied are summarized in Table 5.1.5, and divided in hydraulic, environmental and chemical (US and

Fenton factors).

5.5.1. Hydraulic parameters

Figures 5.5.1a-c present the investigation that has been conducted, to study the effects of the modification
of the recirculation rate, the number of in-series illuminated reactors, and the treated volume, respectively.
The three recirculation rates correspond to 1.87, 3.44 and 4.39 L/h. Hulsmans et al. (2010) suggest that
increasing the flow rate in a US system resulted in higher disinfection rate. However, in the system used
here, changing the recirculation rate causes the faster sequential change from US to photo-Fenton, and
therefore, shorter cycles of treatment. This leads to more completed rounds of sonication/Fenton, and

consequently, better treatment results.

Figure 5.5.1a indicates the said effect; the explanation lies within the nature of the two actions. On the one
hand, sonication assists the inactivation and the transformation of iron more times, so photo-Fenton is more
efficient, and on the other hand, more completed cycles of illumination, provide higher possibilities for the
emitted photons to target the bacteria (direct action) or the production of hydroxyl radicals to attack them

(indirect action). Table 5.5.1 includes the hydraulic calculations concerning the timeframe of the actions.

Furthermore, in Table 5.5.1 the effect of changing the number of available reactors for the photo-Fenton

treatment is presented. Reducing the number of reactors affects:

i) The available illuminated volume: The photo-Fenton action is also reduced, because less

volume is under illumination (reduction of both direct and indirect damage).

i) The volume of the sonicated water: Since the volume remains 500 mL and the reactors of ~75
mL are reduced, more water remains in the sonication chamber. Therefore, the ratio of US
power/volume of water is modified and less power (but more time) is available for each mL of

wastewater.
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Figure 5.5.1: Influence of the hydraulic characteristics of the experimental set-up, on the efficiency of the
system (1000W/m?). a) Investigation of the recirculation rate (33, 66 and 99 rpm), b) Investigation of the
illuminated volume (1, 2 and 3 reactors) and c) Investigation on the effect of the treated volume (500, 600 and
700 mL).

As a consequence, in Figure 5.5.1b, reducing the available reactors from 3 to 1 modifies the photo-Fenton
to US treated volume ratio from 1.15 to 0.52 and 0.27, respectively (tubing volumes are neglected, because
of the slow rate of the dark Fenton reaction). In terms of bacterial numbers, the inactivation rate is of 6, 4
and 3 logioU, for 3, 2 and 1 reactor available. Although this looks as a diminishing effect on the process
efficiency, it also indicates that if less irradiation is available, the process is still effective, and an extension
in the time would eventually lead to total inactivation. This could be an indication of the

assisting/complementary character of the sonication, whenever photo-Fenton is not available.
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Table 5.5.1. — Hydraulic calculations on the reactor set-up

Increasing recirculation speed from 33 to 99 rpm (1.87 to 4.39 L/h)

Reactors | 3 33 rpm Reactors | 3 66 rpm Reactors 3 99 rpm
Volume | 500 mL 187 L/ 1.87 L/h Volume | 500 mL 344 L/h 344 L/h Volume 500 mL 439 L/h 439 L/
Light | 230 mL 738 min 46 % Light | 230 mL 401 min 46 % Light 230 mL 314 min 46 %
Tubing | 70 mL 225 min 14 % Tubing | 70 mL 122 min 14 % Tubing 70 mL 096 min 14 %
us 200 mL 642 min 40 % us 200 mL 349 min 40 % us 200 mL 273 min 40 %
Total |500 mL 16.04 min 100 % Total | 500 mL 872 min 100 % Total 5000 mL 6.83 min 100 %

Increasing illuminated volume from 1 reactor to 3 (75 to 2

Volume | 500 mL 439 L/h 439 L/ Volume | 500 mL 439 L/h 439 L/ Volume 500 mL 439 L/h 439 L/
1.03 min 15 % 205 min 30 % 3.14 min 46 %
0.68 min 10 % 0.82 min 12 % 096 min 14 %
513 min 75 % 396 min 58 % 273 min 40 %
Total 500 mL 6.83 min 100 % Total 500 mL 6.83 min 100 % Total 500mL mL 6.83 min 100 %

Increasing total treated volume from 500 to 700 mL

439 L/mh 439 L/ 439 L/h 439 L/h 439 L/h 439 L/h
Light | 230 mL 314 min 46 % Light | 230 mL 314 min 38 % Light 230 mL 314 min 33 %
Tubing | 70 mL 096 min 14 % Tubing | 70 mL 096 min 12 % Tubing 70 mL 096 min 10 %
273 min 40 % 410 min 50 % 547 min 57 %
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Finally, although literature suggests that modifying the sonication volume has not a significant effect on
the efficiency of the sonication process (if the power-to volume ratio is respected) for bacterial inactivation
(Hullsmans et al., 2010 and Al Bsoul et al., 2010), in Figure 5.5.1c, 2 and 3 logioU of differences are
observed, respectively. A 20% and 40% increase of the volume lead to 33% and 50% reduction of the
efficiency. This is explained by the domination of the process by the photo-Fenton reaction, rather than the

sonication; it seems that it is not cost-effective to increase the total volume beyond a certain value.

5.5.2. Environmental influence

In the presented experimental set-up, an investigation of the temperature took place to assess the available
operating temperatures of the coupled treatment, summarized in Figures 5.5.2a-b. The first operational limit
was the temperature of 30°C, to protect the piezoelectric disc. Recirculation of refrigerated water around
the mantle of the US vessel ensured that the temperature was maintained within this limit. Reducing the
operational temperature lead to decrease of the inactivation efficiency; the reaction became slower and less
effective. This behavior (Figure 5.5.2a) is attributed to the reduced kinetics of the photo-Fenton reaction: it
is known that temperature increases chemical reactions’ kinetics, plus Ortega-Gomez et al. (2012) revealed
the reduced inactivation rate in another bacterial species but also mesophilic with similar optimal growth

temperature with E. coli, according to the Arrhenius equation.

On the contrary, altering the irradiation intensity (Figure 5.5.2b) did not significantly affect the efficiency
of the process. It can be seen that £20% difference in intensity resulted in similar required inactivation
times. The initial reaction kinetics is faster at 1200 W/m? because of the increased direct action of the light;
higher intensities lead to faster bacterial inactivation rates (Rincon and Pulgarin, 2003). The process is
nevertheless effective even for lower intensities, suggesting that disinfection is possible even in days of low
solar radiation.
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Figure 5.5.2: Influence of the environmental parameters on the efficiency of the system. a) Investigation of temperature (10, 20 and 30°C), b) Investigation of
light intensity (800, 1000 and 1200 W/m?2).
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5.5.3. Fenton and sonication factors

Figures 5.5.3a-c present the results of the investigation over the constituents of the Fenton reaction, as well
as the only modifiable parameter of the US, the sonication power. Figures 5.5.3a and b demonstrate that
there is a minimum quantity of the Fenton reagent required to be initially present, in order to maintain the
integrity of the reaction throughout the treatment time. For instance, when the initial H.O> concentration
was reduced to 5 ppm, after the 2" hour the reaction kinetics modified and inactivation rate was impaired.
The oxidation of organic matter by the hydroxyl radicals is competing against the bacterial inactivation
(Ortega-Gomez et al., 2013a). The contribution of photo-Fenton is reduced and the reaction continues with
the produced H,0- and the direct effects of irradiation and US. However, doubling the initial concentration
of H,O,, provides enough "OH radicals, to achieve the fastest inactivation time in all the experiments.
Although unique, this case suggests a doubling on the supply costs of the process, but at the same time, a

chance to improve otherwise impaired inactivation rates observed in previous cases.

Same effects apply for the iron content of the initial sample. When the iron concentration was halved,
reaction rate and final outcome was mitigated, compared to the normal processes. Even though the US
indirect action benefits iron transformation to the more useful state of ferrous ions, as a catalyst, it is obvious
that it is in shortage. As soon as the initial concentration was doubled, no significant effect was observed,
probably due to the saturation of the sample although presence of organic matter sustains iron in solution
(Ortega-Gomez et al., 2013a). Hydroxyl radical production reached its peak and therefore no improvement

was observed in bacterial inactivation.

Finally, the modification of the acoustic power was investigated, and its effects on removal efficiency are
demonstrated in Figure 5.5.3c. Increasing US power results in higher particle breakage (Raman and Abbas,
2008) and more efficient removal, in the high frequencies (Hullsmans et al., 2010 and Al Bsoul et al., 2010).
In the employed experimental set-up, decreasing the power from 20 to 10 W, and consequently, the power-
to-volume ratio, decreased the efficiency, although in a non-linear, cost-effective manner; 50% reduction
did not result to 50% decrease of the inactivation, but to 33%, although the main target is total inactivation.
This suggests that the process can operate in economically low power, increasing its feasibility in real-scale
application, and proves the complementary character of the two processes. Increasing the power to 40 W
did not really enhance the removal efficiency, probably because 20 W was enough to induce the effects of
sonication in the sample or the increase was not high enough to demonstrate measurable change, in the

hourly sample scale.
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Figure 5.5.3: Influence of the Fenton reagents and the sonication intensity on the efficiency of the system. a)
Investigation of the H202 concentration (5, 10 and 20 ppm), b) Investigation of the iron concentration (0.5, 1,
and 2 ppm) and c) Investigation on the ultrasound power (10, 20 and 40 W).
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5.6. Conclusions

The results of this study revealed that for short intermittent parts within a short period of exposure to light,
recirculation speed in mechanically non-damaging rates was directly influencing bacterial inactivation.
Higher speeds resulted in a less fluctuated disinfection process, due to the higher frequency of illumination,
when compared to longer periods with the same total time of exposure. Slower recirculation rates enhanced

bacterial defense mechanisms and promote growth, resulting in lower inactivation rates.

Also, at the intensity employed, a period of 2-3 hours of exposure to light has been proven an adequate time
to effectively disinfect wastewater, by inflicting irreparable damage. Long dark intervals, when posed early
in the disinfection process hindered bacterial inactivation. Concerning the kinetics of the process, the
kinetics of each light interval scenario performed reflect light and dark periods by the change in curve
slopes. Plus, the results of different illumination conditions during the first hour of light exposure confirmed
the crucial importance of continuous, constant irradiation during this period. When these conditions
prevailed, a 1-h shoulder occurred. Upon the infliction of intermittence in light supply, a shoulder up to 3-

h was observed.

Moreover, it is promising that within a period of 6 hours, regardless of the existence of light intermission
or not, total disinfection was achieved; the cumulative light dose necessary to disinfect wastewater was
achieved within 3 hours of accumulated illumination. However, for lower light intensities higher exposure

times will be expected, if the light supply is not continuous.

As far as the post-irradiation events are concerned, bacterial regrowth due to the dark repair mechanisms
was not observed when total inactivation was achieved. In most cases the total exposure time and the
corresponding dose was enough to render the bacteria population unable to regrow. Intermittence directly
influences inactivation rate during illuminated periods but apart from the trials that achieved total
inactivation, the high frequency intermittence demonstrated similar active bacterial counts, regardless of
the recirculation rates. In low frequency intermittence experiments, the post-irradiation events are similar,
attributed to the lethal dose achieved within the disinfection period. When total inactivation is not achieved,
partial survival of bacteria in the wastewater is also observed, due to the existence of nutrients in the water
matrix. If an energy threshold exists, after which the dark repair mechanism is no longer able to help
bacteria recover, it seems that it has been achieved. This point has to be further examined by proper set-up,
but for sure, the tests prove that effective suppression of growth has been achieved, even in a friendly

environment for bacterial populations.

In the stepwise introduction of treatment factors in the US/pF joint treatment in the lab-scale, CPC-like
reactor, light has been, by far, the most significant effect amongst all parameters. Light alone has proven to
be much more effective than US, Fenton, or the combination of the two. Also, light combined with Fenton

(photo-Fenton) and US with photo-Fenton (US-pF) have been the two most effective disinfection options.
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This can be attributed to the well-known multi-level effect of light, interpreted by the direct action of the
light against bacteria, the indirect ROS production and the direct role of light in Fe?* reduction (photo-
Fenton). High frequency-low intensity ultrasound alone has not provided significant immediate bacterial
reduction, but in long term, causes either apoptotic behavior or increased susceptibility to the Fenton
damage. When combined with light, US has resulted in high inactivation rates in 4 h, even 4 logioU when
the Fenton reagents were introduced (joint US-pF process). This makes US-pF treatments an attractive

alternative in permanent (bacteriologically non-recurring) treatment methods.

Regarding the contribution of the operational parameters, temperature and volume introduce important
constraints: Temperature favors disinfection but must not exceed 30°C for US source protection; increasing
the sonication volume will result in higher US-to-pF ratios and lower efficiencies. However, modification
of the US-to-pF volume ratio can be opted regarding the post-treatment handling of the sample; if
immediate disinfecting action is required, pF can be promoted, in any other case the continuous decay US
causes will result to total inactivation during sample storage. Also, addition of extra hydrogen peroxide and
iron seemed to benefit bacterial inactivation. From the scope of this work, the choice of mild photo-Fenton
was satisfactory, but in a real application, this choice, over normal amounts of reagents can be also altered

depending on the requirements downstream.

Nevertheless, these results indicate that this US/pF process surpasses limitations that averted installations
of either one of the processes on wastewater treatment, such as the dead times in the dark storage tanks, the
power-to-volume ratio of the ultrasound, etc. It seems that the combination of the two actions in sequential
form helps limit the disadvantages each method has separately; whenever Fenton was limited, cellular
regeneration was hindered by US, thus compensating during dark periods and thus improving photo-Fenton

treatment efficiency.

Such results leave an open window of opportunity of applying solar-driven disinfection of wastewater in
greater extents, even in areas with interruptions during the planned experimental times. What is more
important, however, is the highlighting of design strategies if the use of a CPC is intended; the tested dark-
to-light ratio is one of the numerous possibilities when designing the system. The study of both high and
low-frequency intermittence allows to take into account these results in other more feasible solutions in the
less favored areas, such as ponds; the influence of dark periods mitigates the effects of solar disinfection
and this work can contribute to the estimation of their design parameters. Even in relatively unfavorable
hydraulic conditions for disinfection, the solar disinfection methods applied render the disinfected water

able to be considered for secondary uses, thus saving from the drinking water supplies of the arid areas.
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Chapter 6.
Overall conclusions

First of all, it was found that solar disinfection was efficient when it was applied in synthetic secondary
effluent. The disinfection experiments have proved that if the initial concentration of the
microorganisms and the treatment conditions are known, one can determine the outcome of the
treatment process, despite the fact that bacterial growth has interfered in the normal evolution of the

process.

In fact, the treatment conditions influence percentage of elimination. Factors as the light intensity, the
manner of delivery (continuous-intermittent) and the temperature of water during treatment are more
decisive, compared with the classic time-dose approach. However, it was found that temperature
influences inactivation in a dual, opposite manner. The best results of the light-temperature synergy
were found in very low and very high temperatures. This classification of the results according to the
applied temperature range produced a quite accurate, temperature dependent linear model, which

describes well the inactivation kinetics.

When regrowth was observed it was correlated with the leftover bacteria at the end of the treatment,
because the increase is noticeable in inadequately treated samples. This residual population is also
linked to the temperature during solar disinfection; high temperatures were found to suppress bacterial
regrowth. Storage of wastewater was efficient in highly irradiated/thermally treated bacteria and
specifications on the safe combinations of light and temperature were provided, to influence the safe
storage times. Hence, along with the constraints on acquiring total disinfection, predictive information

on the post irradiation fate of microorganisms was obtained.

Also, the efforts on modeling the bacterial inactivation and the regrowth, only according to the intensity
of light, provided with a coherent profile of the necessary dose. When temperature was accounted for,
its actions resulted in discrimination between the dose effects deriving from high or low temperatures
and intensities. Concerning regrowth, an efficient bacteriostatic dose was found, beyond which,

bacterial survival kinetics deterministically present decay.

Furthermore, the post-treatment phase of experiments can influence the design of treatment systems
and processes. It was found that according to the local context of discharge, on temperature and type of
water body, the following post irradiation events vary from matrix to matrix. The two factors studied
(type of matrix, rate of dilution) estimated the survival kinetics as a function of temperature; varied
kinetics, from delayed to excessive growth were found according to storage temperature and nutrient

availability-as shown by the ratios of dilution in the matrices. Also, the matrix itself affected the
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outcome, imposing a kinetics profile, linked to the osmotic difference, as well as the presence of salts
and nutrients. However, regardless the matrix, a pattern was observed, where bacteria that were treated
for short times presented high resistance, when were diluted even in unfriendly matrices, and high

growth rates when growth was permitted.

If different parts of the light spectrum are to be considered as a post-irradiation condition, it was
observed that applying 6 different types of fluorescent lamps caused different response, according to
the corresponding wavelength. In all cases, however, no regrowth or photoreactivation was observed in
samples with no cultivable bacteria. Lamps that emit UV-ranged wavelengths (BL blue and actinic BL),
even in very low proportions initiated or accelerated bacterial inactivation, according to the previous
damage state of bacteria. The visible range on the other hand initiated mild photoreactivation (mostly
blue and less green light), while the visible light (and yellow light) photoactivated the relatively healthy
cells or continued the inactivating profile of the heavily damaged. In overall, the response was modeled
and attributed mainly to the solar dose, but the multiple targets of the light action mode render solar-

inflicted damage less probable to be mended, compared to the UVC light damage.

The applications in recirculating flow reactors revealed that for short intermittent parts within a short
period of exposure to light, recirculation speed in mechanically non-damaging rates was directly
influencing bacterial inactivation. Higher recirculation speeds resulted in a less fluctuated disinfection
process, due to the higher frequency of illumination, when compared to longer periods of light and dark
with the same total time of exposure. Slower recirculation rates enhanced bacterial defense mechanisms
and promoted growth, resulting in lower inactivation rates. The Kkinetics of each light interval scenario
performed reflected the light and dark periods by the change in curve slopes. Plus, the results of different
illumination conditions during the first hour of light exposure confirmed the crucial importance of
continuous, constant irradiation during this period; intermittence resulted in prolongation of the

shoulder lag inactivation phase.

The enhancement with ultrasound and photo-Fenton provided a solution for the application of solar
wastewater treatment systems. The applied high frequency-low intensity sonication system was
moderately efficient in direct bacterial inactivation, but the long term effects represent an apoptotic
behavior and/or increased vulnerability to the Fenton damage. When combined with light, sonication
led to high inactivation rates, with increasing tendency when the Fenton reagents were introduced (joint
US-pF process). However, in the context of developing countries this is relatively incompatible. If the
construction costs are to be considered for a surface able to disinfect wastewater, the technical

implementation seems rather unlikely. Therefore, application in a series of ponds is to be considered.

Regrowth is a matter that influenced the design and applications of SODIS for drinking water. Although
water aimed directly for human consumption needs to be completely sterilized, wastewater does not

have the same effluent standards. Hence, according to this work, bacteria should be just subjected to
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treatment that will result in inactivation, even in long term. The retention times for wastewater can lead
to total inactivation, and if this is achieved, there is no regrowth observed. As a result, this reappearance
is a matter that should be dealt in a holistic approach; the methods applied in this Thesis have shown
that re-population of the samples was mostly due to incomplete inactivation of bacteria and even more
importantly, enhanced growth of the already cultivable bacteria.
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Executive summary in Greek

Amoivpavon ocvtepoPfaOpia eneCepyaopuivov
AVHATOV HE NALOKT 0KTIVOPOoAL0 KOl ETaKOAOVON
Baktnprokn eravavamtoén: TpoTacELS,
TEPLOPLONOL Kot TEPLPUAALOVTIKES TTPOOTTTIKES

Extetauévny mepidnyn tng Aidaxtopixng Aiatpifipg
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Opydvwon Tng AISaKTOpPIKAG d1aTpIBAS

210 e100y@YIKO TPp®OTO KEPAAaLo TG AtaTpifng yiveton ektevig avaokdmnon g oxeTikng Piproypapiog
Kol oplofeTovvtal ot 6TOYOL TNG £PEVLVAC. XTO EMOUEVO KEPAAOLO TapoLGLAlovTol To TEWPAPATO TOV
ekTeEAESTNKAY Kot akoAovbel oulntnon tov anotehespdtov. v apyn ke Keparaiov avaivovtot mo
Se€odukd ot HéB0JOL Kol Ol TEWPAPATIKEG OLATAEELG TOL YPNOLHOTOWONKAV. XT0 TEAOG KAOE TEPALATIKNG

EVOTNTAG TOPOLGLALOVTOL TO EMUEPOVS GUUTEPUC LT

210 dg0TEPO KEPALOIO TOPOLGLALOVTOL Ol KOWEC TEPOUATIKES STAEELS, o1 HEBOdOL Kat TO, VAIKG 7OV

YPTOCLLOTOONKAV Y10 TNV EKTEAECT] TOV TEPAUATOV.

To tpito KEQAANO AVOPEPETAL GE TEPAUATO OTOAVUOVOTG devTEPOPAdLa enelepyacuévev Aopdtov pe
niakn axtvoPolio. [Siaitepn épupaon divetor 6To GavoEVO TG PakTnplokng emavavantuéng. Avaidetat
0 UNYOVICUOG TNG ATOAVUAVONG TOL VEPOL LE NAOKT OKTIVOBOAIN KOl TOV TOPAUETPOV TOV EUTAEKOVTOL
oT1G SlEpYnsieg 0dPAVOTOINGNG KOl ETAVELUPAVIOTG TMV LIKPOOPYOVICUOV KAOMDGS Kol 1) ENidpacn tng 60omg

NG akTvoPoliog pe N xwpig Oepuokpactakod ELeyyo.

To tétapto KEPAAOLO OVOADEL S1EE0OIKA TO, PAVOUEVO TTOV AGUPAVOVY Y®DPO. LETE TO TEPAS TNG EkBeoNG
TOV UKPOOPYAVIGU®V GTNV NALOKN akTivoBoiic. MeAETATAL 1] KIVNTIKY TOV UIKPOOPYOVICU®DV LETA TNV
QTTOADLOVGT] TOV AVULAT®V e NALOKT] akTivoBolia, kot dtifeom tn d140e61 TOVG GTOVS PLGIKOVE OTOSEKTEG.
Emiong, to pavopeve ¢oto-enid1opHmong kot HETOPOANC TS AVAUEVOUEVTG KIVITIKNG AOYM ETOVAKOUYTG
TOV UIKPOOPYOVICU®DV EMELDN 0VTOL €KTEOMKOV OE LOVOYPOUATIKY] 1| TOADYPOUOTIKY 0oKTVOPoAia

avaAbovTal Kot cuoyeTiovtal e TIg cuVONKeES AmofNKELONG TOV AVHAT®V.

210 TEPNTO KEQAAUO UEAETATAL 1) EMIOPACT] TNG SUKOTTOUEVNG NALOKNG AKTIVOPBOALOG GTNV OTOAVLLOVGOT)
TOV AWUATOV e ETIKEVTPO TO QOIVOUEVO TG EMAVOVATTUENG TOV UIKPOOPYOVICUAOV Ol OTTOI0L TEPLEXOVTOL
ota Apata. paypatomoteitar TpocoUOi®OT TOPOIKNG GALNYNG TOV KOUPIKMY QOIVOUEVOV LE TEXVNTA
péca (emg - oKOTAdL) Kot dlepevvavtal uEB0dot PEATIOONG TNG OIO0GNE TOV TEXVIKMV OTOADUAVONG UE
nAokn aktvoPfoAio kot £GAenyn TOV KIVOOVOL EMOVOVATTUENG TOV LKPOOPYOVIGU®Y UECH HEDOO®V

TPOYWPNUEVNG 0EEIDWDONG G CUUTANPOUATIKT AVOT).

H Awaxtopikn Atatpi] OAOKANPOVETOL LE TO YEVIKG GUUTEPAGUATO TTOV TPOKVITOVV OTTO TNV EPEVVAL.
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Aigpglvnon XpARong Tng NAIOKAG OKTIVOBOAIag yia atmroAuupavon
OeuTepoBAOUIO ETTECEPYOAOHEVWYV OAOTIKWV AUHMATWY €V OYEl TOU

@AIVOMEVOU TNG ETTAVAVATITUENG (regrowth) Twv HIKPOOPYAVIOHWYV

Xe aut Vv evotnrta g dwaktoptkng daTpiPng (Kepdrato 3), peletdvrar o1 mo Pacikés mapaLeTpol Tov
eMNPEALOLY TNV ATOAVUAVCT) TOV VEPOL LEe VTEPLOON (MAlaKT|) aktivoPoAia kot divetal wWiaitepn ELeoon

OTIG EMUEPOVG TOPAUETPOVG TTOV EUTAEKOVTOL GTT SALOTKOGIA.

Kvpio yapaktnpiotikd g evotntag, eivat 1 epoproyn mThnpovg melpapotikod oyxediacpot (Full Factorial
Design of Experiments), uia teyvikn mov emtpénct v o€ PAB0G avalvon TV TUpAPETPOY Kol TOV

OAANAETIOPACE®MY TOVG, KOOMG KOl TEPUTEPM OVOAVGELS KOl GUUTEPAGUATO ETTL TOV ATOTELEGUATOV.

I'a ™ yevikevon TV TEPOUATOV KOt TNV TELPOY| TPOOTTIKNG EQAPUOYNG TV HeBOS®V 68 TpayUaTIKES
GUVONKEG, TPOGOUOLDVOVTOL TOAVES £QAPUOYEG Kol KUPIMG, TOPEYOVTOL OMAG, ETOVOANYILN HOVTEAD
TpOPAEYN S TNG amoADpOVeNG Kot TG ThavoTnTag emavepedviong (regrowth) towv pikpoopyaviopmy. To
Baxtnpro E. coli, K12, évag katd yevikr opoAoyio Kovog deikTng Kompavmdoug LOAUVENC, ¥PNOLOTOLEITOL

o€ OLOL TOL TTEPALOTO.

Megrétny 10V pPNYOVICROY TNG OTOAVUHAVONS TOV VEPOL HE MNAMOKN OKTvOfoAia Kol TOV

TOPORETPOV TOV EUTAEKOVTUL GTNV OLEPYATIN

Mo t depedhvnon Tov pUNYAVIGHOL TNG ATOAVUAVONG, 1 OlEPYACIO TOPOUETPOTOONKE MG TTPOG TIg
Baocwodtepeg dpdoeig mov Aappdvouy ydpa Kotd T didpketo Tov mepdpatos. [Tio cuykekpipéva, n Evioon
Kol 0 ypdvog ékBeong oty TEYVNTA MMOKY OoKToPoAia, o apykdc uikpoflakog mAnbvoudg katl M
Oepuokpaocio TEONKav VIO EAeYY0. AVOALTIKG, SOKILAGONKOY TO TOPAKAT® EMITESQL:

e ypovog ékbeong (axtivoPforia) 4 wpav,

e 4 eninedo apyucov pikpoPraxod tAndvopov (103 104, 10% kar 10° CFU/mL),

o 5 eleyydpeva emineda Beppoxpaciog vepov (20, 30, 40, 50 kot 60°C), ko

e 3 eminedo évtoong Tg nAaknig axtvoPoriog (0, 800 kan 1200 W/m?).
Ta ovvletikd Avpoata vroPfAnbnkav o€ mMAlok? axtivoPolo Kor HEAETAONKE T KWWNTIKY TOV

UIKPOOPYOVICU®OV KO 1) LETABOAN TNG, AVAAOYO, LE TIC OPYIKES KO TEPOUATIKEC GCUVONKEG.

Kotd ™ ddpketo tov Telpopdtov, bTd 0OToIECINTOTE GUVONKES, VA Lo dpa, Eva detypo KoAlepyeito og
UN-eKAEKTIKO Opemticd VAKO Kot £va dg0TEPO dEly Lo TOPENUEVE GE GLVONKeg okOTOVG Kot Beppokpacio
dopatiov yo 24 kot 48 mdpeg, mpokeévov va, peretnel n evlopotikn emdopbmon tov {numv mov

TPOKANONKOV GTOVG PIKPOOPYOVIGHOVG Ao TN £kBecn Tovg 6TV aKTivoPfoAia.
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MelemnOnkav Kot KataypaenKoy ot GUVOLOCHOL OA®V TV TapaueéTpy (240), LE KPLTHPLO o) TNV ATOS00T
g amoAvpaveng kat B) tov TANOue o (amolKieg LIKpoopYaVIGU®VY) UETE amd 24 kat peTd amd 48 dpeg. H
eneéepyacio Tav dedopévov &yve pécw tov MINITAB, mov d1EVKOAVVEL TNV ATEIKOVIOT] TOAVTAOK®V
GYEOLOG LMY KOL TV OTOTEAEGUAT®V TOVG. Ta AmOTEAEGHOTA TG TEPOUATIKNG CLTHG 0KoAoLOiag, ¢ TPOg

Tpels aEoveg (amoAdpavon, emavavantuén Kot enidpaocn g 600mg) mapovstilovTol ToPaKAT®.
o) AToldpaven

Oha ta detypata epeavicay dopopetikn cupmepipopd peto&d 20-40°C kon 40-60°C. H dvmoapén tpoeng
oTO ADUOTO TOPEYEL ELVOTKEG GUVONKEG OVATTUENG TOV UIKPOOPYOVICUADV, LE OTOTEAEGUO TNV paydaio
avéneon tov mAnBucpov (apBpod anokidv) Tove. Qotdco, petaé&d 40 ko 60°C, TapovoldoTnKe 1 AKPIPDS

avtifen cupmepipopd, amdppola Tng BepUOAVONG TOV KLTTAP®V.

Ta Mpota wov axtvoporndnkay g 800 W/M?2 mapovsciacsay ovitkpovOUEVT GUUTEPIPOPE LETAED TmV VO
KOplov Beppokpaciok®dv opuddwv. v mepoyn tov youniov Bepuokpaciodv (20-40°C), n évtaomn g
axTvoPorog NTOV OPKETH MOTE VO TEPLOPIGEL TNV OVATTUEN TOV HIKPOOPYOVIGU®V OAAGL 1 TANPNG
amoAVAVGT TOL delypatog ftav advvarr. Emiong, n Bepuokpacia twv 40°C napovoiace tnv pikpoTepn
aO00GT] AMOAVUAVONG, AOY® HEYIGTOMOINGNG TOV pLOUOD avAaTTLENG TV HKpoopYaVIGU®Y. AVTiBETmG,
otav M Bepuokpacieg NTav vynAég (40-60°C), mapatnpnbnke cvvépyela axtivoPoliog kot Oepuokpaciog
UE amoTéEAES U TNV TAYPT amorvpove (4 dpeg, otovg 50°C kat 1 dpa, otovg 60°C).

Avédvovtac T évtacn g axtivoBolriog ota 1200 W/m?, emitedydnke tAnpng amoAdpavetn. Ot youniéc
Oepuokpacieg emédelov  PEYOAVTEPOLG  OMOUTOVUEVOLS YPOVOLS OKTIVOPOAOG, &V Ol VYNAES
Oeppoxpoociec odnynoav oe mWANPN omoAvpovon eviog pag opoc. O apywods mAnbuopog tov
LIKPOOPYOVICLAOV deV £d€1EE KAmOoLo 1d10iTEPT) EMPPON, TOPA LOVO TNV AVAYKT] Y10, TOPATACT) TNG £KOEONC
otV NAok” aktvofolio, kabmg 6Aa ta detypata o id1eg GLVONKES, e SOPOPETIKO APy IKO TANOLGLO,
glyav TOPOLOLN GUUTEPLPOPA EVTOG TOV SESOUEVOD TEPAUATIKOD ¥POVOV.

H povtedomoinon g amddoonc g dlepyaciog €yve péow evog ypapuukov poviélov (R-S0=65.1%,
S5=24.42), oumAov tOmov, mov TePAuPove OAEC TIG OEJOUEVEG TOPAUETPOVS Kot gEaptdral amd T
Oepuokpaocia. Kdabe Oeppoxpaciakn opndda, 0nme avtéc Tov avapiptnkay mapordve, dlaeépel amd TV

GAAN, emopévac kpiBnke oKOTIHO Vo S1oy®PLOTEL O TOTOG TG CLVAPTNONG.

B) Eravavéntoén Tov pikpoopyovicpuoy

INao vo dwmiotmbel 1 eravepeavion Kol T0 T0cooTO eMPIOONG TOV UIKPOOPYOVICUAOV, Ta OEIYUOTO TOV
Swnpnniav yo 24 kol 48 dpeg puetd v €kbeon tovg oe nAlokn aktivoPforia emavebeTdomkay. H

Oeppokpaocio katd Tn S1GpKED TOV TEPAUATOV NTav Kaboplotikn otnv e€EMEN T amoAvpaveng, dpo
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otov 0pfud TV (OVIOVOV HIKPOOPYUVIGU®MY 6TO0 TEAOG g £kBeong kol Kot' €MEKTOOT OTO PIoKO
EMOVEUPAVIONG MeYOAov aplBpod pkpoopyavicpmv. Ta deiypoto mov dev ekténiav oe aktvofoiia
TapovGiacay EUOIOAOYIKT avénon Tov aplBuod tev Poktnpiov avdioyo pe tn Beppokpocio Katd ™

dudpkela g eneEepyaciag.

Amodeiynke apywd 6t av to deiypa amoivpovlel TApwS, dev vIapyEl TOAVOTNTO EXAVEUPAVIONS
Bakmnpiov. O cvvdvacuog UVA, UVB kot opatod ¢otodg mpokaiel moidmievpn {npd oto KdTTapa tov
Bakmnpiov ta omoila tedkd advvatovv va emdopbmBovv. Emione, mapatnpndnike 411 vmapyel kdmolo
EVEPYELOKT| 0TAOUN TEPQ ad TNV OToi 01 LIKPOOPYOVIGLOL O€ UTOPOLV va eMdopOd ooV TIg CNHES TOVG.
Qot6c0, or Bepuokpoacieg YOpw otovg 30°C katadelydnkov ®g ol guvoikdTepeg Yo pokpompoddesun
EMOVOVATTUEY TOV LUKPOOPYAVIGHAY, v Yio Bgppokpacieg peyolvtepeg tov 50°C 1 (nud mov

voioTavtal Ta KOTTEpO VoL LOVILOV YOPOKTNPOL.

l'evikd, m mBovotnto emoveppdviong peydiov oapiBuov Paxtmpiov, ek1d¢ amd TV TEPINTOON
pikpng/cvvroung ékbeong otnv aktvofolios cuvdéetor pe tov aplud Tov Paktnpiov Tov vIdpyovy 6To
téhog NG dwdkaciog g amoAdpovong. To mepduato mov ekteAéotniay og yauniés Beppoxpacieg

£0e1&av OTL Evog PeYAAog aptBpog Paktnpioy HETAPEPOVTOL GO TN U0 LEPO GTNV ETTOUEVT).
v) Emppon g 6001¢ TS axTivopforiog

Mg Bdomn ta anoTEAECUATO TV TEPUUATOV, LELETHONKE 1 16)OG TOL VOLOVL TNG apotfardtntag (reciprocity
law), 6mov vrrootpileton 0t1 «idia d6om aktivoforiog TpokaAei To 610 amotélecpa». Avtod omodeiydnke

0T dev woyvet. o vynAdTepn Eviaom, 1 1d1a 6001 aKTIVOBOAING EYEL KOAVTEPO OTOTEAEGLOTA.

Me Béion o dwywpiopd g Oeppokpociog o younin (20-40°C) kot vynAr (40-60°C) nepioyn, TpoKvTTEL
N HOPPN £VTOENG GTOV VOLO TNG OUOBALOTNTOG, YO TV UTOADUOVGT] TOV VEPOD KoL TV EXAVAVATTUEN TOV
piKpoopyovicpudv. ATodeiynie nelpapatikd 0Tt o€ youniég Oeprokpacieg ol yapUnAdTEPES EVTIACELS EXOVV
KOADTEPO, OMOTEAEGHOTA, €VO o€ LYNAEG Oeppokpacieg, ot LYNAOTEPEG EVTAGES £(OVV KOAVTEPO
amoteléopata anoivpavons. H Bpoyvmpodbeoun eravavamtuén Ppébnke kpion yio vynAég evidoels Ko
LIKPOVG XpOVOLG aKTIVOPOALaG, EVD 1 poKporpdBeoun etvar kpiowun otav ta delypata axtivofolodvtal og

YOUNAEG EVTAGELC.

Movtehomoinoen Tng emidpaons NG NAMOKNG OKTWVOPOAIGS GTNV GmOAVpAvVeY Kot

ETOAVUVATTVEN TOV HIKPOOPYAVIGLAV GTO GKOTAOL

IMopdAinio pe to TEpauaTo pe BepUoKPACIOKS EAEYYO, TPUYLOTOTOONKE U0 GUGTNUOTIKY UEAETN TNG
évtoong g MMokng oktwvoPoriag, yopic éheyyo g Oepuoxpaciog Kor tng emkeipevne, mhovig
EMOVEUQAVIONG TV WIKPOOpYavicu®v oe ebpoc 1100 W/m? (500-1600 W/m?). Aiepevviinke m
amoITovpEVT 060M Yoo TANPN adpovomoinon Tev Paxtnplov Kot 1 EAGYICTN OTOITOVUEVY) EVEPYELL

TEPUATIOUOD TNG IKOVOTNTOG ETOVAKOUYNS TOV Paktnpiov (Kpioiun evepyelokt otadun).
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Ta delypata Tov cuvleTiK®v Aopdtov poToPoindnkav puéypt va amoivuoviouy TAnpmg, Kot ava 30 Aentd
Aappdvovtav €va detypo T0 omoio S10TnPovVIOY GTO GKOTAdL Yo TN WEAETN TNG EMAVOVATTUENG TV
UIKPOOPYOVICUAOV. Q¢ YVOGTOV, 0 YpOVOG EIVaL VTIGTPOQ®MG 0VAA0YOG TNG £vtaong g axtvoPoiiag. Ot
petpnoelg mpoyporomomdniay avé 30 Aemtd yia evidoeg < 1000 W/m? kon ové 20 Aemtd Yo mo vymiég
gvtdoelg. Kpifnke okdmipo va tpaypotononbody melpduote Kot o€ ToAD DYNAEG EVIAGELS, Ol 0Toleg Og
umopovv vo exttevyfobv amevbeiog omd Tov (A0, aAAd pe dAAa péoa, OTmc NAloKovg GVAAEKTEG K.A.TT. Ot
petpioelg £6eiEav 6Tt o d6om mepimov 3300 W/m? apkel dote va e£ovdetepmbovv mAfpwg Ora To
Baktipla. Enueidveror 6t n avénon g évtaong g axtvoPorag avEdvel TOAD TV ToyVTNTO TNG

ATTOAVLOVGTC.

Q61660, Y10 S10POPETIKEG EVTAGELG, OAES OL AKTIVOBOAIEG amatovy TNV id1a d0om Yo vo KaAhyovy to 100%
TOV OVOYKOV TNG OTOAOUAVENS. AVTO TPAKTIKG KATUOEIKVOEL TNV VTOPEN EVOG EVEPYELOKOD KOTOEALOV,
Tov omoiov M vaépPacn eacpurilel ™MV amoAdUOVeT). AOTIGTOONKE Yo Uio o0KOUO POPA 1) ELUEVIG
eMIOPAOT TOV OPENTIKOV GUCTAUTIKOV TOV ADUATOV 0TIV EXPIOON TOV WKPOOPYOVIGU®Y Kot 1) DTapén
V0 TAPAAANA®Y aVTIPPOTTOV SUVAUE®DY, AVTH TNE ovATTLENG Kat TG {MUAG TOov VEIoTAVTOL TO BoKTAPLO
amo TNV NALaKn aktvoPfolio. Méypt va Eemepactel To EvePYELOKO KATOQAL, Kot puEypt TV Evtaot tov 800

W/m?, napoveidletar advvapio diothpnong evog mpoeil amoAdpavenc.

Awmotdbnke akOHo OAAOYY] TNG CLUTEPLPOPAG TMV UIKPOOPYOVICUAOV OvAAOYo HLE TNV £vioom
axtvoPoriag mov avtoi d&yovral. AvENoT g évtaong g aktvoPoliog, dpa kot g 66ong, kabe 30
AemTd, OoAAGCEL TNV KOVOTNTO OVTO-IOONG TOV KPOOPYOVIGUMY TOV TPOKOAEITOL O’  OLTAV.
[apotnprdnke 61t yia 500 W/m?, 1o ypovikd onueio 6mov 1 emavavamtuén dev eivan miéov mbovy, sivar
ta 180 Aemtd mepinov, yio 600 W/m? givan taw 120-150 Aemtd, Yo 700 W/m? ta. 90-120 Aentd x.0.x. Eivol
TOAD ONUAVTIKO EVEPYELOKO oMuUEio, yiati yivetal @avepd OTL TAPOAO OV OEV EMITLYYAVETOL TANPNG
ATOADLLOVGT), TO PaKTPLR EYOVV YAGEL TNV IKAVOTNTO EXAVOVATTUENC GTO GKOTASL Kol EYEL EMNPEACTEL 1)

AVOTOPOYYIKT TOVG KOVOTNTA. ZUVETHDG LOMG TEAELMGEL 0 KOKAOG (NG TOVS AOPOVOTOLOVVTOL OPLOTIKA.

MelenOnke téhog m dnpovpyio vog poviélov to omoio Bo mpoPAEnel TANP®G TV ATOADLOVOT) e ALOKN
axtwvoPoria. Me v gloaymyn g apyikng Paxtnplaxnig cvuykévipmong Ba yvopiletl o ypnotng avé oo
OTLYUN TOV TANOVGUO TV HKPOOPYAVIGU®VY KOl OVAAOYO LE TOV AP0 TV EVOTOUEVAVIOV BakTnpiov
Ba yvopiletl tov amaitodpevo ypovo €kbeong oe aktivoPoiio TPOKEWEVOL VA EEACPAAIGTEL 1 ATTOADLLOVOT)
(TAMPNG KATAGTPOEN TV UIKPoOpYOvioUdV) og Pdbog ypovov. Me Bdon v évtaom, m do6on Oa
npocdopilel Tov amattovpevo ypovo €kbeong yio TAnpn amoldpavon. H arapaitntn 660m yio opioTikn|

KOTOGTPOPT] TOV LKPOOPYOVIGU®V Y®PiG duvatdtnta enovavamtuéng Ba mpokinTel ouToOUaTAL.
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MeA£TNn TNG BAKTNPIAKAG ETTAVAVATITUENG NAIOKA TTPO-ETTESEPYAOTHEVWIV

AUpaTWwyY - A1d0eon oTo TrEPIBGAAOV

¥’ aot) ™ Oepatikn evotnta (Kepdhato 4), HEAETOVTOL TO TPMOTO ATOTEAEGHOTO TOV TEPAUATOV TOL
GUVOEOVTOL UE TNV EMOAVEUGAVIOT TOV WKPOOPYUVICU®V HE PAcT TOvg 6vo PaciKods UNYOVIGUOLS
emdopboong tov kuttdpov: emdiopbwon oto okotddt (Dark repair) kot @oto-emdtopbmon

(Photoreactivation).

[T ocvykekpyéva, n €kBeon oTov NAL0 Tponyeitat oG celpds dokiudv, ot omoies oyetiloviat pe To péco
K0l TO0 T0600TO apaimong Tmv Avpdtov. Astypota mov &xovv ektedel oe nAtakn axtvofoiia, aparddnkov
oe PpéoKka avemeceépyaosta Avpata, o€ vepd AMpvng, oe Balacovd vepd 1 o€ vITEPKOBUPO ATOGTAYUEVO

vepd. To moco6to apainong petapfindnke amo 50 éwg 1%.

e évav GALO TEWPOUATIKO OYeSOGUO, ADUaTo, Tov Exovv ektebel oe NAlaky axTivoPolio extédnkay og
LOVOYP®UOTIKY 1 0paTh oKTIVOPOAIR KpOTEPNG EVTAONG, IUE GKOTO TNV UEAETT TG POTO-EMOOpHmOTG
Tov Muev amd tv €kbeon. Xpnowomomdnkav mEVIE JOPOPETIKES AGUTEG LOVOYXPOUOTIKNG
aKTvoPoAiog Kot Lo KON AAUTO E6MTEPIKOV ¥Dpov. Metd v £kBeon, ta Avuata dtotnphOniay yio, Svo
NUEPEG 6T0 GKOTAJL. M’ awTOV TOV TPOTO dlepeuviinke N aAloyn NG avapUeEVOUEVNG emdOplmang oto

oKOTAO.

A130£01 UGTIKOV AWOPATOV HETA TNV GTOAVRAVOY] TOVG NE NALOKY] aKTIVOPOAia

Metd v ohokAnpmon g £kBeong oe nhakn aktivoPforia, pLeAeTHONKe 1 eNidpaoT TOV PHEGOV APOiONG
(am0dEKTNG) OTNV EMAVAVATTUEN TOV UIKPOOPYAVIGH®V 6T0 okoTtddl. H apaimon éhafe ydpa oe ppéoxa
un-ene&epyacpéve Aopata, o€ vepd Apvng, og anootayuévo kot g Bolaoovo vepd. Emiong, extiumdnke
N enidpacn TOL TOGOCTOD OPUI®CNC TOV AVUATOV TOV KADE OmOdEKTN GTNV IKAVOTNTO EXAVOVATTUENG,
kaOdg ka1l 6to Tocootd emovakouyng kor emPioong. Téhog, M emidpacn ¢ UHETOPOANG TOV
Oepupokpaciokdv cuvOnk®v Kot 1 emikeipevn petafoin oV emavovimtull, 68 OOUNOTIKG 0VOETEPO

nepPdAlov, T€6nke VO diepgvvnom.
Mo v enitevén TV mapoaravo ELafe xdpa, 1 okoAovOn TelpapoTiKn akoiovdio:

Ta cuvBetikd Adpoto axtivofolnnkay yio ypovikd ddotnua teccdpov wpaov. Kabe 30 Aentd yvotav
deryuaToANyio Kot HEAETN TNG KIVITIKNG TOV WKpoopyovioudv. Ta deiyuata apaiddnkav ce vepd tov
TEGGAPOV OTOOEKTOV OV TTpoavapépOnkay, o€ 10600Td 50%, 10% Kot 1% eni Tov apykod dykov. T
ouVEXELD pEAETNONKE KOl KaTtaypdonke M emPion T@V UIKPOOPYAVIGU®Y Y10 XPOVIKO JAGTNUO TEVTE
nuep®v otig cuvinkeg apainong. IapdAinia, o okOua OIKOYEVELD TEPAUATOV LEAETNGE TNV EMIOPACT
g Oeppokpaciog, Yo ¥poviko SACTNUN TPIOV NUEPDV, XWPIg apainot, aAAd oto NoN eneepyacuévo

detypaL.
Page | 241



Stefanos Giannakis - Solar disinfection of secondary effluent and the subsequent bacterial
regrowth: considerations, limitations and environmental perspectives

Me avtov ToV TPOTO, HEAETHONKE 1 EMIOPUOCT] TOL £XEL TO PECO KOl 1 OPOI®CT GTNV KAVOTNTA
avto-inong tov (Nudv mov veiotavtol ta Paxtiple omd T0 POc, KoOmg Kol 1 emidpacn g
Oepuokpaociog oty Kivntikny Tous. H avaivon tov anoteAe ATV TOV TEPUUATOV KOTESEIEE OTL
n Oepurokpacio givar o Tapdyoviog Tov Tpokaiel ypovikd ektetopévn emPioon 1 emmpdche
AVOTOPOY®OYT TOV UKPOOPYUVIGU®Y, 6Tovg 4 kot 37 °C, avtictoya. Ot 10popeTiKol 0m0dEKTES
KaTnyoplomomdnKay mg Tpog T duvatodTNTe VTOGTHPLENG TOV PLGIOAOYIKOV KVUKAOL (®N¢ TV
Baktnpimv, oe avéavopevn oelpd og eENg: Oarlacoivé vepd < amootaypévo vepo < vepd Aipvng
< avemeCépyaosta Aopora.

EmBefoardbnke 611, n apaioon dpa dSumhd, o¢ mapdywv peiowong g StobEotung Tpoeg aAAAL Kot ¢ LoYAOS

(QULOTKOYTN KNG THECTG EVAVTLO TNV EMPIMON TV EVIEPOPAKTNPIOV, GTOVG «EXDPIKOVE» OTOOEKTES.

DPm10-emo0pOmon kor petaforny TG TPoPAemOpEvC KIVIITIKNG EMOVAKOPUYNS TOV

PokTnpiov Loyom £ék0eong 6€ HOVOYPONATIKT 1] TOAVYPONATIKY] OKTIVOPOALC.

"Evag axopa otdyog g datpiPng, ftav va peretnfel n ¢oto-enididpbmon Tmv KpoopYavIGU®Y, ETELTO
amo éxbeon oTov A0 Kot Tepattépm £kBeon o€ pLovoypmpatiKni aktvoforic. I'vaotod dvtwg 6t ékbeon
TV Paktnpiov o€ nAoky akTvoBoiio dnpovpyel AAAOUDGELS GTO YEVETIKO TOVG DAKO, TOL TAPOAL OVTH
puropovv va emdrophmBovv eviopatikd, peretnnie 1 £kBeon Tovg 6€ TEVTE LOVOYXPOUOTIKES OKTIVOPOATES
(300-700 nm) ka1 opatd ewg Yo 2, 4 1 8 dPEG PETE TNV ATOADUOVOT TOV ENEEEPYOUCUEVOV ADUOTOV UE
nAokn aktvoforia. ‘Etol, pmopel va mpayuatomomOel pio wo ovoAvTiKn HEAETN TG UETAPOANG NG
KOVOTNTOG ETAVAVATTUENC TV PoKTNpi®v 68 oYM UE TO UWAKOG KOUATOG TOL (PMTOG GTO 0TI £Y0VV
ektebel kol va TpocdloploTel N amantov eV 606 NAIIKOD PMOTOG KAl LOVOYPMUUTIKNG AKTIVOBOAING Yo
TNV KOTOOGTOAN NG KavodmToag QoTo-emdtopbmong. Ot TapaUeTpol TOL EUTAEKOVTOL GTIV TEPOUATIKN
dwdcacio etvor:
® TO UNKOG KOUOTOG TNG MOVOXPMUATIKNG OKTVOPBOAlaG Tov evepyomotel ta évivpo (UmAe, VITEPLDOE
UTAE, TPAGIVO, KITPVO, AKTIVIKO PMG) 1] 1] TOALYPOUATIKY oKTivoBoAia (opatd ¢mg),
e 0 gldy10TOG KO O PEYLOTOG YPOVOG EKDECTG GTO MG, Y10 PMTO-EMOOPHOT Kol
e 70 péyoto péyebog g (nuidg mov umopovv va, KaAdyouvv ot Tpoavapepbeiceg aktivoforiss.
Olo autd emtuyydvoviol HEGMm UEAETNG TNG KIVNTIKAG TOV WKPOOPYOVIGU®V ove 30 Aemtd.
Apyicd, to Mopota axtvoporodvrar ota 1000 W/m?, Akorov0wg, ektibeval og yapnAng viaong
HOVOYPOUOTIKY oKTvoPoAla Yo 2, 4 Ko 8 dpec. LTo OEOOUEVA YPOVIKA OLGTAUOATA OVTA,
Aappdvovton delypota Kot LEAETATOL 1] KIVNTIKN TV pKpoopyavioudv. Enetta dniadn amo 2, 4 1
8 dpeg, To AOpOTO SloTPOvVIOL GTO OKOTAOL Yoo 48 M®pec KOl TUYOV EMOVAVATTLEN TOV
LIKPOOPYOVICUAOV KaToypapeTol Kabe 24 dpeg. Me avtd tov Tpodmo, pehetdral 1 enidpoor kabe
HUAKOLG KOUOTOG 0TO BOKTAPLO, GE SIPOPETIKT] PUGIOAOYIKN KotdoTtaon (avene&épyaota, 1oyvpd,
e€acBevnuéva K.A.TT.) Kol TO KOTG TOCO UTOPOLV VO gVEPYOTOINOOVV TA OTOPAITITO POTO-

emdlopHaTikd Toug Evioua.
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A6 ™V 0vAALON TOV OTOTEAEGUATOV TOV TOPOTAVE® TEPAUATOV, TPOEKVYE OTL TO AVLOTO TTOV TEPLEYOVY
TANPOG 0OPAVOTOINUEVE PaKTPLL OEV EMOEYOVTAL POTO-EMIOPOmANG, kot 6Tl 1 {Npid mov TpokaAeitol
Ao TO NALKO PG Eivol ToALddcTaTn Kot poviun (un avaotpéyun). Etiong, n emddpbmon tov Prafov
AOY® €kBeong otov A0 e€opTaTon Kot ammd TO WAKOG KOUOTOG TNG oKTvoPBoAing Tov axolovbel tnv £kbeon;:
0G0 TANGIECTEPU OTO UTAE PMC, TOGO UEYOADTEPN 1 KAVOTNTA POTOEMOOPOmong. Télog, N kavoTnTOL
Tov eviipov yio emdopbuoon tov {NUoOV 6To 6KOTAOL, UETOPAALETOL GNUAVTIKG amd TV £kbeon o€
povoxpouotikny aktvoPora. AmodeiyBnke OtL To Pokthiplo, ovAAOyO HE TO HNKOG KVOUOTOG TNG
axtvoPoriag otnv onoia ektiBevron emdyovtal oAAaYES OTNV PUGLOAOYIKT EMO0POOTIKY IKAVOTNTE TOVG

07O GKOTHOL.
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ETITTAOKEG KATA TNV EQAPMOYN TEXVIKWY AUCEWYV YIA THV aTTOAUOVON

TWV ACTIKWV AUNATWYV HE NAIOKA aKTIVOBOAia

Ye avt) v evomto (Kepdhowo 5) peletinke m teyvikn €Qapuoyn G OmOAVUAVONG LE MALOKY
axTvoPolria, HEGH TMV YVOOTMV TEXVIKGV TV avTdpactipmv CPC, kabmg Kot 1 TpocopHoimoT| EXTAOKOY

oTNG £Qappoyég mediov (acvveyng ékbeom 6Tov NAL0).

I"a ) Bertioon g amoAVHOVTIKNG IKOVOTNTOS TOV Slepyactdv, pehetOnke téhog n mbovotnta xprong
tov avtdpacmpiov Fenton (Fe/H:02), n potokatolvtikny gvicyvon g avrtiopacng Fenton (photo-

Fenton), o1 vépmyot kot 0 cuvdLaGLOG VITEPT YV Kal Photo-Fenton.

Enidopaon 1tng owkontéopevng nNAokNg OKTVOPoAidS OGTNV OTOAVNOVOY] KOl GTNV
EMOVAVATTUEN TOV  UIKPOOPYOVIGU®OV ol  omoior mepiéyovrar o€ dgvtepofadma

ene€epyaopéva aoTIKG AOpata

Apyicd, peketbnke m OloKOTTOUEVY €kOECN TV UIKPOOPYOVICU®DV o€ MAOKN oKTivoPoAic of
AVTIOPOAOTNPO ETOVOKVKAOQOPING KOl GE OVTIOPUCTNPO OTIYMIoi0G TANPOONG HE acvveyn ékbeon oe
axtvoPolria. AlgpguvnOnke n emidpacn TG ToLTNTAG ETOVOKVKAOPOPING, e oTabEPd YPOVIKO AdYO
okdtovg/axtivoforag. Emiong, otovg avidpoaotipes otiypiaiog mAnpwons, peietinkav 14 cevépo
StoKomng TG axTvoPoriag, pe 6A0LG ToVG TBAVOHS GLVIVAGHOVS POTOPOANONG Yio 3 MPEG KoL TAPAUOVIG
670 6K0TAOL Y1 3 dpeg. Me avTd TOV TPOTO TPOGOUOIMONKE 1) TEPITTOOT SIOKOTNG TNG akTVOPoAG AOY®
VEQPOOEMV. XT0 TEL0G KAOE TEPAATOS, KATAYPAPNKE 1] EMAVAVATTUEN TOV UIKPOOPYOVICUOV UETA amd 24

N 48 mpec.

Amodeiynke 611, 01 VYNAEG TOVTNTEG EMAVOKVKAOQOpPiag Ponbodv dueca v amoivuaven, Aoy Tng
GLYVOTEPNG, OV Ko UIKpOTEPTG dldpketog EkBeoncg oty aktvoPforia. [Mapdio avtd, Yo tov idlo ypovo

€xBeomng, 1 600m £)EL TO 1010 OMOTEAEC U GTNV ENXOVAVATTUEY TOV KPOOPYAVIGLDYV.

Méow tov oevapiov mov peretnonkav, Bpédnke 0Tl av VIAPYEL KATOLN 0oLVEXELD OTNV £KBEGN GTO WG,
0060 vopitepa yiveror ovt 1 S10K07MH, TOGO O TOAD EXUNKOVETAL 1] OTOLTOVUEVT ddpKela EkBeonc, Yo
va gmitevyfel N amoAvpaven. Metd amd pia KaBopiopévn 360, dev VITAPYEL SLOPOPA GTIV OTOADLOVOT),
ywrti &gl Eexvnoel o TPOYPAUUATIGHEVOS KuTtapikdg Bdvatog (PCD: programmed cell death), e
ATOTELEGULO TV KVTTOPIKT OOTTOGCT KOl TV KOTAGTPOPY| KOTA TN O1GPKELN SLOKOTNG TNG OKTIVOPOATNS.
Ta deiypato TV TPOCOUOIOHUEVOV OOTIKOV AVUATOV amOALUAVONKOY TANP®G Kot dev mopatnpnonike

EMOVOVATTUEN UIKPOOPYOVICUMV.
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Bektioon tov tE(VIKOV amorlvpavong pe nhokn aktivopforio — EEaienyn Tov Kivovvou

EMAVAVATTUENS TOV HIKPOOPYUVIGUOV.
H amoAdpoavon oe avidpaotipes pe emavakvkhoeopio £3e1Ee OTL amattel peyahovg ypOvVoOLS TAPAUOVIG
v AP amoAdpoveT). Ot peydiot ypdvoL TAPOLOVYG OTALTOVY OUMG Kot LEYOAES KOTOOKEVES, LE PAEYELS

TPOG TNV TTPOYHATIK EQapuoyn. Omote avalnmonke po Avon mov Bo pikphveL Tovg ¥pOVoVG TOPLLOVIG.

Apycd perethonke n poto-KatdAvon Fenton ce avtidpactipeg otiypaiog TANp®oNG, Tov £de1&e peyaAn
Bektiwon otovg ypdvoug €kbeonc (50%). H perétn kdbe mopdyovio Eexymplotd KoTédeEe TIG PEATIOTEG
ouvinieg Aettovpyiag. ‘Emetta, peietinke n ovlevén OTOKATAALGNG KOl VIEPTIXOV VYNANG GUYVOTNTOG
OV AEITOLPYOLV UE YOUNAN €VEPYELX, Y100 AOYOLS OLKOVOUIOG. XMUOVTIKY TOPGUETPO OmOTEAEL 1)
EKUETAAAEVGT] TOL VEKPOL YPOVOL TAPUUOVIG TOV UIKPOOPYUVICU®DV GTO GKOTAOL, dTav dnAadn Ta AOpaTo

EMOVOKVKAOPOPOLV 0td TOV A0, oTr| de&apevn amobnKevongc.
H otpatnywn mov axoiovdndnke frav n eéng:

o Design of Experiments, pe tovg 6povg tov Fenton kot tov vaepfywv (Fe+H20,, US, hv)

o A&iohdynon g amoAdpovong og kafe o amd Tig (8) VRTOTEPIMTOOELS, Kol TApoKoAovLONoN NG
KIVINTIKTG TOV LIKPOOPYOVIGUOV Yol 48 dpeC 6TO GKOTAOL.

o lIpotoon mBoavdv pnyovicpdv adpavomroinong ywo tnyv culgvypévn pébodo amordpovong.

o Algpehvnon TeV TaPAPETPO®V AELTOVLPYING TOL GLGTAUATOS (VOPAVAIKES, TEPIBUAAOVTIKEG KOl YNUIKES
TOPALETPOL), Y10l TOV TPOGOIOPIGUO TV ELIIKMV OPLOK®DY GUVONK®OV.

[Ipoévye O6TL Yio Vo AEITOVPYNGEL OIKOVOLUKE 1 S1ATOEN, 1] TTLO CNUOVTIKY TOPAUETPOS 6T cLLEVEN givat

10 PmG. O1 pukpot yKot, ot peydreg TocdtNTEG LTEPOLELDIOV TOV VIPOYOHVOL KO 1| LEYGAT] AKOVGTIKY 10YVG,

uropovv va Bertidcovy v omddoon tov cvotiuatos. H cvlevypévn dpdon eiye wg amotéleoua v

eEdAetym TOL EOWVOUEVOL TNG emAVAVATTLENG TV HIKpoopyoavioudv. H expetdiievon tov ypodvov

TOPOLOVIG GTO OKOTASL PEATIOCE TNV OO0 TNG AVTIOPAGTC GTO TTLO AITCLTNTIKO TUN A TNG, ONAadT 6TO

TEAIKO TTOGOOTO EMITLYIOC.
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Mevikd ouptrepdopara

Ao to TEWPAPATA TOV EKTEAECTNKOV Y10 TNV OAOKANp®OT TG AldaKTOPIKNG AlatpiPng, TPoEkvye OTL 1M
TPOCOUOIoN NG omoAvpavens devtepoPabuo emeepyacpuévov Avpdtov pe nilokn oktvoBoiio
amotelel évav KaAd deiktn emituyiog g mpaypatiking epoappoyns. H o1eodikn avaivon/perétn tov
eumhekOuevOV  TapapéTpmv KotédelEe omnuela «kAewdid» ywo v emvyia ™G gpappoyns. Io

GLYKEKPLUEVAL:

O1 cvvOnkeg Katd ™ dbpkelo TG amoAdpoaveng kabopilovv v emuyio TS N TEAIKA, TOV aplOUd TV
UIKPOOPYOVICU®OV oV &xovv amopeivel. To mocootd adpavomoinong Tv eviepofaktnpiov exnpedlel o
peyaro Babud kot v mbavotnTa eravavanTLénG, LETA To TEPAS TG dwadikaciog. H Bepuoxpacio ivan
évag mopdyovtag mov pmopel vo 0doel ®Onom M va OTOTEAECEL TPOYOMEDN EVAVILD GTNV
QTTOTEAEGUATIKOTNTO TNG Olepyacioc. Me Bdorn To TEWPUUATIKA OmOTEAEGLOTA, ONUOVPYNONKAY LOVTEAQ
TPOPAEYNC NG emTLYlOG TNG OWOADUHOVONG OAAG Kou NG mOoavotnTog EmavavamTuéng TV

LIKPOOPYOVICUAOV PETE TO TEPAS TNG d1adKAGTaS.

Ot ovvOnkeg mov emkpatovy katd tnv mepiodo petd v éxbeon oty MAwokn axtwvoPora emiong
SradpapatiCovv oNUAVTIKO POAO GTNV ETOVEUPAVIOT EVEPYAV LIKPOOPYOVIGUMV. AVAAOYQ LIE TIG 1010iTEPES
QULOIKOYNUKES 1O10TNTEG TOL OMOJEKTY), TO POKTAPIO LITOPOVV VO TOPOLGLACOVY EKTETAUEVT EMPimon 1
Tayeion Kotaotpopn. QoT1060, aVTEC 0l cLuVONKEG UTOPOHYV Vo TaiEOVY GUAVTIKO POAO GTOV GYESIGUO
EYKOTAGTAGEWDV OTOADUAVONG ME NALOKT axTvoPolia, peTplalovrtag Tig avaykeg £ékBeong otov fAto. Edv
BéPara avapéveror mepattépm £kBeon og S, 01 WAVIKEC GUVONKEG emPBAAAOVY TAN P AOPUVOTOINGT TOV
UIKPOOPYOVICUGOV TPy TN dtdBect| Tovg oto mepPdrrov, yioo edhetyn TC E®MTO-EMOOPODTIKNG TOLG

wKavOTNTOG .

Téhog, M xpNON TEYVIKOV HECOV YlO. TNV OMOADUAVOY 0evTeEPOPadina emelepyocuéveov AVUATOV
gvdeikvotal povo av 1 €kbBeon sivorl cuveyng (M oxedoV cLVEYNS) Kol TPOKELTAL VO AoALHVOoOY pikpol
oykot vepov. H dwakom otnv mapoyn nAitaxng axtvoPoriog umopel va empépel Tpocwpvy avénon oto
pkpoProkd eoptio. Opwe, N xpnomn peboddwv mpoywpnpévav pedddwv oteidwong nropet va apfAivvet ta
TpoavapepBEvTo TPoPANLOTO KOl VO TPOKAAEGEL GUEST] KOl LOVIUN adpavoroinon TV Paktnpiov, xwpig

Kkivduvo emavavantuéng.
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