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ABSTRACT

The field trials of the present study were carmed at the International Institute for Water
and Environmental Engineering (2iE) at Ouagadougd@urkina Faso, West Africa. It was

financially supported by Swiss Agency for Developmand Cooperation (SDC). The project
aimed at contributing to the improvement of solasdd treatment processes of drinking
water at underprivileged point-of-use level in depang countries. Its general objective was
to evaluate the feasibility of solar-assisted pHedaton disinfection of wild enteric bacteria

in several water sources characteristically difigrander different reactors and seasons.

First of all, the evaluation of the possibility aking natural iron present in water as the
catalyst of the photo-Fenton reaction was carried Afterward, the experimentation of the
efficiency of the photo-Fenton process was madeeating small volume (Pet bottles, 1.5 L)
and large volume (CPC, 25-50 L) of water as welthas evaluation of the post irradiation
effect of the treatment (regrowth). The effect @fagenous compounds and the influence of
the solar radiation parameters (irradiance vs. Jdomethe efficiency of the processes were
also evaluated. The photo-Fenton disinfection waduated in alkaline surface water and in
well water sources during the raining season. Bingthe contribution of this study to the
general comprehension of the mechanistic pathwaythef photo-Fenton process was

developed.

Methodologically, the inactivation of the wild entebacteria (total coliform&. coli and
Salmonellaspp.) in natural water containing dissolved%F& and solids irons forms (e.g.
iron oxides) was conducted by solar disinfectioy) @nd the contribution of the photo Fenton
reactant (F&" *7H,0./hv) after the addition of hydrogen peroxide,(4). The natural iron
content of the well water (pH 5.4 or 6.3+0.1) waB70mg/L, during the experiments the

chemically added iron content was 0.6 mg/L. In tésults, it was noticed that the photo-
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Fenton systems carried out with added iropQ#€**/hv) or natural iron content of the water

(H202/hv) has led to total inactivation of both enteric teai@. No enteric bacteria re-growth

was observed in water treated by photo-Fenton oeekvafter the treatment. The photo-
treatment of well water (25 L) under direct soladiation in the compound parabolic

collector (CPC) has given the opportunity to eveduthe effects of solar radiation parameters
on the efficiency of the processes. Significantuiafice of the solar irradiance (W3nand

not of the dose (Wh.H) was noticed during both photo-treatment methods

The photo-disinfection of natural alkaline surfasater (pH 8.6+0.3) in the CPC was
efficiently carried out under direct solar radiatidDespite the alkalinity of the water, the
photo-Fenton disinfection was proven to take plddéene of the enteric bacteria strains,
totally inactivated by photo-Fenton, recovered rtheiability during the 24 hours of
subsequent dark storage. The water was still figathogen one week after the photo-Fenton
treatment. The oxido-reduction of nitrates anditesr and the oxidation of ammonia were
recorded during both photo-disinfection processo{pt-enton and solar disinfection). The
evaluation of the efficiency of the photo-disinfeat during the raining season has brought
out the negative impact of the weather variatidnthis season on the processes. The dilution
of the water by rainwater highly affected their cheal composition. Very low iron contents
comparatively to the ones recorded during the sunsaason were found in the water. In a
CPC, 25 L of water were subjected during 4 h tdldtoto-disinfecting process and none of
them have shown the total inactivation of both welateric bacteria (total colifornis/ coli

andSalmonellaspp.) strains involved in the treatment.

Keywords:Compound Parabolic Collector, Disinfection, DringinVater, Enteric bacteria,

H,O,, Inactivation, Photo-Fenton, Salmonedipp
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RESUME

Les tests sur le terrain de la présente étude tntréalisés a I'Institut International
d'Ingénierie de 'Eau et de 'Environnement (2iEpaagadougou - Burkina Faso, Afrique de
I'Ouest. Ce projet de thése été subventionné pda&irkection du Développement et de la
Coopération Suisse (DDC). Le projet avait pour batcontribuer a I'amélioration de la
potabilisation de I'eau par des procédés de désiofesolaire au niveau communautaire dans
les zones défavorisées des pays en développentetantine objectif principal I'évaluation
de la faisabilité de la désinfection photo- Fergons irradiation solaire directe des bactéries
entériques sauvages de plusieurs sources d'eaaralgéristiques différentes, sous différents

réacteurs et a différentes saisons.

L'évaluation de la possibilité d'utiliser le fertmael présent dans I'eau comme catalyseur de la
réaction photo-Fenton a été effectuée en prendar Huivie de I'évaluation de I'efficacité du
processus de photo-Fenton dans le traitement devpktme (bouteilles en PET, 1,5 L) et de
grand volume (CPC, 25-50 L) d'eau, ainsi que ditarmination de I'efficacité du traitement
par des tests post-irradiation (évaluation de Ilgémération des bactéries). L'effet des
composeés azotés et de l'influence des parametresydnonement solaire (irradiance vs. dose)
sur l'efficacité des processus de traitement seéuaiht été évalué. Par la suite, la désinfection
photo- Fenton a été évaluée dans les eaux de swtizadine et dans les sources d'eau de puits
au cours de la saison des pluies. Enfin, la canioh de cette étude a la compréhension

générale du mécanisme du processus de photo-Faéténdéveloppée.

Méthodologiquement, l'inactivation des bactérieeques sauvages (coliformes totauk./
coli et Salmonellaspp) dans I'eau naturelle contenant du fer disgeeit’>") et les formes
solides de fer (e.g. oxydes de fer) a été réalz@e désinfection solairehy) avec la
contribution du réactif photo-Fenton (F&H.,0O./hv) aprés ajout de peroxyde d'hydrogéne

(H205).

vii
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Au cours des expériences, la teneur en fer natieréeau de puits (pH 5,4 ou 6,3 £ 0,1) était
de 0,07 mg/L, tandis que la teneur en fer ajoudé& de 0,6 mg/L. Des résultats, on note que
les systémes photo-Fenton réalisés avec du fetéajdi€/H.O./hv) ou la teneur en fer
naturel de I'eau (#D./hv) ont conduit a une inactivation totale des deustdrées entériques.
Aucune recroissance de bactéries entériques nzbéetvée dans les eaux traitées par photo-
Fenton une semaine apres le traitement. Le ph@ivernent de I'eau de puits (25 L) dans le
collecteur paraboligue compact (CPC), sous rayoenésolaire direct a permis d'évaluer les
effets des parametres du rayonnement solaire sfiicdcité des processus. L'influence
notable de lirradiance solaire (W3net non de la dose (Whfha été observée pendant les

traitements avec les deux processus de photorraite(solaire et photo-Fenton).

La photo- désinfection d’eau de surface natureltgnaécaline (pH 8,6 + 0,3) dans le CPC a
ete efficacement réalisée sous rayonnement salaieet. Le processus de désinfection par
photo-Fenton a pu avoir lieu malgré l'alcalinité lg&au. Aucune des souches de bactéries
entériques, totalement inactivées par photo- Femt@npu retrouver ses capacités de viabilité
au cours des 24 heures de stockage dans I'obsapris le traitement. L'eau est resté saine,
sans de pathogénes une semaine apres le trait@meiot Fenton. L'oxydo- réduction des
nitrates et des nitrites et I'oxydation de I'amraonont été enregistrées durant les deux
processus de photo-désinfection (solaire et phetudn). L'évaluation de l'efficacité de la
photo-désinfection pendant la saison des pluiesisa an évidence l'impact négatif des
variations climatiques de cette saison sur lesga®us. La dilution de I'eau par I'eau de pluie
a affecté significativement leur composition chioeq De trés faibles teneurs en fer
comparativement a celles enregistrées au courga daison estivale ont été trouvées dans
'eau. Aucune des souches de bactéries entériquasges (coliformes total/ coli et

Salmonellaspp.) photo-traitées dans le CPC (25 L) penddnih’4 été totalement inactivée.

Mots-clés: Collecteur parabolique Compact, Désinfection deau'epotable, Bactéries

entériques, BO,, Inactivation, Photo-Fenton, Salmonella spp.
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1. INTRODUCTION AND OVERVIEW

1.1. DRINKING WATER CRISIS AND HOUSEHOLD WATER

TREATMENT TECHNOLOGIES

Inadequate access to safe drinking water is a megoise of morbidity and mortality in
developing countries (Hunter, 2009). The target dat the Millennium Development Goals
(MDGs) is close to be delivered according to theatJMonitoring Program (JMP) for Water
Supply and Sanitation, but over 768 million peoplkere still estimated living without access to
safe source for drinking-water in 2011, includir@bImillion who relied on surface water to meet
their daily drinking-water needs (UNICEF and WH@®@13). If this situation remains unchanged,
these numbers will remain unacceptably high in 2605 million people will be without an safe
drinking water source and 2.4 billion people walck access to proper sanitation facilities

(UNICEF and WHO, 2013). Sub-Saharan Africa and @me&ave the lowest drinking water
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coverage (Fig. 1.1.). Efforts are needed to redmban-rural disparities and inequities associated
with poverty, to dramatically increase coverageamnntries in sub-Saharan Africa and Oceania.
To promote global monitoring of drinking water gtglto bring sanitation ‘on track’ and to look

beyond the MDG target towards universal coveradelQEF and WHO, 2012).

I 51-100% Il 76-50% 50-75% B <50% Insufficient data or not applicable

Figure 1.1 Proportion of the population using improved dimg-water sources in
2011: sub-Saharan Africa and Oceania has the loweg¢rage. Source: (UNICEF and
WHO, 2013).

Improving the sustainability of household wateatreent (HWT) approximately 100 L or point-
of-use water treatment (approximately 1000 L, comitydevel), could significantly help solving
the problems of poor quality drinking water in p@aommunities in developing countries. Sobsey
(2002) described and detailed the functional arattpral principle of several technologies for
treatment of household water. The technologies thighaim to improve the microbial quality of
household water and reduce waterborne diseasedena@dunumber of physical and chemical
treatment methods (Fig. 1.2.). The physical methoudude boiling, heating (fuel and solar),
settling, filtering, exposing to the UV radiatiom sunlight, and UV disinfection with lamps. The
chemical methods include coagulation-flocculatiowl grecipitation, adsorption, ion exchange

and chemical disinfection with germicidal agentsinGarily chlorine). Today, chlorine is the

2
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[. INTRODUCTION

most widely applied and most efficient method, ibdtas some disadvantages (e.g. availability,

toxic byproducts formation).

SEDIMENTATION

FILTRATION

Figure 1.2: Household water treatment and storage. Source WGA, 2011)

Some water treatment and storage systems use disnaicd other media and materials that
cannot be easily obtained locally at reasonable(eog. ozonation, ultrafiltration). They required
relatively complex and expensive systems and prgesdto treat the water. Such systems may
be too inaccessible, complex and expensive to gnfplotreatment and storage of household or
point-of-use water in some places and settings $8gl2002). The physical disinfection under

solar radiation seems to be the more affordabldt, desals with a renewable energy source and
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locally available materials (e.g. glass or transptplastic bottles, CPC reactor). Nevertheless,
this technique has some practical and technicabdentages such as the availability in rural area
of the proper reactor free of scratch or the abditg of high and intense solar radiation to
ensure an efficient disinfection. The regrowthha# tnactivated pathogen during the storage after
the solar disinfection is one of the major disadages of this process. The evaluation of the way
to improve the yielding and sustainability of thgeocess before its broad vulgarization could

significantly help to face the problem of drinkingter scarcity in some regions of the world.

1.2. LOCALIZATION OF THE STUDY AREA

It was recently reported that, approximately of 88¥%the population without access to an
improved drinking-water source were living in ruileas at the end of 2011 (UNICEF and
WHO, 2013). In accordance, rural areas in Burkinadas in most of the Sub-Saharan African
countries are subject to drastic shortage in dngkivater coverage (Fig.1.3.). Most of the
drinking water diseases outbreaks are recordedutial rand peri-urban area in developing
countries (UNICEF and WHO, 2012). However, most tbé developing countries are
geographically located in such a way to receivé laigd intense solar radiation during the sunny
day and have a long summer season. The advantagedas radiation received by some
developing countries during the summer season dmilgsefully exploited at household level for

drinking water disinfection.
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Bl reoos

50-TER

B -5
INSUFFICIENT DATA OR
NOT APPLICABLE

Figure 1.3: Drinking water coverage in rural areas, 2010. $eur(UNICEF AND
WHO, 2012)

The practical works of this thesis has been cardetlat Ouagadougou-Burkina Faso, West
Africa. Ouagadougou is located at 12°21'26" of tuake North and 1°32'7" of Longitude West.
This location is subject to receive approximate®0d-2200 kWh/m of annual average solar
irradiance (Fig. 1.4.). Therefore, it could be ddasd as a good place for the experimentation of

photo-disinfection of drinking water.
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Figure 1.4.: Localization of Burkina Faso in Africa (a), Ouagadgjou in Burkina Faso
(b) and repartition of the world annual solar in@tce (c).

Sources:

a): http://www.niccolomaffeo.es/africa/mapas/pdisekinafaso.htmAccessed on: 12-07-2013

b):http://www.spirulinesolidaire.org/index.php?pa@e2 FBURKINA+FASQ Accessed on: 12-07-2013

c): http://www.skyscrapercity.com/showthread.phgp499307 Accessed on: 12-07-2013
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1.3. SODIS: SOLAR DISINFECTION OF WATER

1.3.1. BACKGROUND AND PRINCIPLE OF SODIS

The bactericidal effect of solar radiation was stifecally reported for the first time by Downes
and Blunt (1877). Almost a century later Aataal. (1980) re-introduced this effect and proposed
the practical application of sunlight for the digiction of oral re-hydration solution. According
to these results, they concluded that sunlight bhghable to provide a low-cost, sustainable, and
simple method for treating contaminated drinkingexwan developing countries with consistently
sunny climates (Acraet al, 1989). This process is broadly known today as EO({%olar
Disinfection). It is one of the recommended methbgtshe WHO for household drinking water
treatment or for the temporary treatment duringearergency situation, where people do not
have access to an alternative method to obtaindsafking water (WHO, 2007). Its principle is
based on a synergistic effect of thermal and oppesameters of the solar radiation which
lethally inactivates the water microorganisms. P tb of water of low turbidity (< 30 NTU) are
filled up in PET (polyethylene terephthalate) kegtbr plastic bags and exposed during about 6 h
of mid-latitude midday summer sunshine (Wegelimal, 1994; Byrneet al, 2011; Spuhleet al,

2013) or up to two days under cloudy weather (Ei§.) (Meierhofer and Wegelin, 2002).
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Figure 1.5: The SODIS process. Source: (MEIERHOFER AND WEGELR902)

1.3.2. LIMITATION OF SODIS AND PROSPECTS OF IMPROVING ITS PRODUCTION

QUALITY

The synergetic (thermal and physical) inactivatérSODIS is strongly dependant on the local
immediate climatic conditions and the volume anapghof the used recipient. This is due to the
fact that the infra-red (IR, wavelenght from 780 ton500 pm) solar radiation is significantly

attenuated by clouds, optical inactivation doegtlitne volumes that can be treated at a time
because the penetration of UVA (wavelenght from 320 to 400 nm) radiation decreases
exponentially with the water depth and can be soaditby turbidity. Moreover, the process does

not remove natural or anthropogenic chemical pafitg contained in the water. In consequence,
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the control of the required exposure time or tutpidor a given weather condition and water
source can overburden some households, leadingnderuexposure, regrowth and limited

acceptance among the population (Mauseethl, 2009; Spuhleet al, 2013).

Several enhancement processes have been assessedtigel past 20 years to overcome the
climatic and volumetric dependency of SODIS. Tegihgsical improvement include: agitation
(Reedet al, 2000; Khaengraeng and Reed, 2005), aluminumbtatk painted back, (Kehast

al.,, 2001), the possibility of adding an artificial gitbsensitizers (PS), e.g. methylene blue
(Wegelinet al, 1994; Acra and Ayoub, 1997) or a photocatalygt €O, (Rinconet al, 2001,
Maruganet al, 2008; Malatcet al, 2009) or rose bengal (Jiménez-Hernaneteal, 2006). Most

of these enhancement technologies were sophisticaxpensive and not adapted for a point of
used water treatment. Moreover, most of the drakbat SODIS technology such as bacterial
regrowth during the storage (24h) and volume litrata(1-2L) still merit the effort for further

improvement.

1.3.3. THE MOST PROMISING ENHANCEMENT PROCESS FOR SODIS

To enhance SODIS for the application with less ens¢y regarding changing weather
conditions, it is strongly beneficial to improveetptical inactivation process, which means to
maximize the generation of reactive oxygen spg@€3S). In 2006, Rincon and Pulgarin (2006)
tested the effect of Beand HO, on the photocatalytic disinfection of water compii® the one
by TiO,. During some control experiments, Rincon and Riulgé006) observed that by an
initial near neutral pH (6.5), E&H,0, (0.3 mg/L and 10 mg/L, respectively) systems Hatbat

a strong bactericidal effect as Ti®ystem under irradiation and a stronger effedha dark.

Furthermore, they observed that only the additibaither F&" or H,O, alone to a basic SODIS

Juliette Ndounla Ph. D. Thesis



I.  INTRODUCTION

system does enhance the inactivation rates. Rimecwh Pulgarin (2006) concluded that the
presence of F& accelerates the simulated sunlightcoliinactivation due to the photo-activation
of iron aquo-complexes under UV and visible ligithis SODIS enhancement by the
simultaneous addition of iron salts f£& *") and HO, (Moncayo-Lasscet al, 2009) or by the
addition of HO,, leading to a derived process taking advantageoafsalts or other transition
metals naturally present in the water source ($aiatal, 2010; Bandal&t al, 2012; Soboleva
et al, 2012; Spuhleet al, 2013) is known as the photo-Fenton process, idgrivom the Fenton

process.

1.4. THE FENTON AND PHOTO-FENTON PROCESSES

The history of Fenton chemistry dates back to 188¥n Fenton (1894) reported that Feould

be activated by Fé salts to oxidize tartaric acid. Afterwards, Fentomd related reactions have
become of great interest for their relevance tdogical chemistry, the chemistry of natural
waters and the treatment of wastewater. Fentonraladed systems encompass reactions of
peroxides (usually ¥D,) with metal ions leading to the fromation of reaetoxygen species

(ROS) and reactive radical species (Eq. 1.1) (Spwtlal, 2013):

M™ + H,0, — M™D* + OH + "OH (1.1)

1.4.1. THE FENTON REACTION

The Fenton reagent is a system containing a mixfiferrous iron (F&) or ferric iron (F&"
and HO,. The Fenton reaction refers basically to the gatiwr of OH aided by the activation of
H,0, by F&* via the Haber-Weiss reaction (Eqg. 1.2) (Haber \Atadss, 1934; Sychev and Isak,

1995; Malatoet al, 2009). It has been largely studied for the trestimof bio-recalcitrant
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wastewater from industry or agriculture at low @#5¢3) (Pignatelleet al, 2006; Kenfaclet al,

2009).
F&* + H,0, — FE* +'OH + OH k=53-76 M's™ (1.2)

The Haber-Weiss reaction is a specific case of Rbeton reaction and is explained as the
decomposition of KD, in the presence of Eein an aqueous solution, to water and oxygen,
involving the formation ofOH and other reactive species capable of oxidiaingde variety of
organic substrates (Eg. 1.2). In this system, theerptedOH are reported to attack mainly
organic pollutants via electrophilic addition, hgden abstraction or electron transfer. The
oxidizing capacity of the generated radicals is adays getting popular as an advanced
oxidation process (AOP) for the elimination of oalcitrant pollutants in industrial or
agricultural wastewater (Kenfacit al, 2009; Malatoet al, 2009). The rate constahktof this
reaction is approximately 53 — 76 Ms™, depending on pH and other factors. To achieve a
catalytic system, Fé needs to be regenerated front'Fand this can take place in presence of
H,O, leading to the generation of HGnd H (Eqg. 1.3) (Sychev and Isak, 1995; Pignatelial,

2006; Malatcet al, 2009):
Fe™* + H,0, — FETHO, + H' k=1-210°M's? (1.3)

But as the rate constakifor the reduction of F& by H,0, to Fé"is of several magnitudes lower
than it consumption in Eq. 1.2 (Haber and Weis841%ychev and Isak, 1995; Gernjekal,

2004; Spuhleet al, 2013), this reaction is the limiting step for thenton process.

11
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1.4.1.1. INTERMEDIATE FENTON REACTIONS

In addition to equations 2 and 3 and in the absesfcether interfering ions and organic
substances, the following catalytic reactions (Ehd-1.7) have to be regardddhave been

reported by (Sychev and Isak, 1995).

Fe* + HO, — Fe' + HO; k=75-15016M*s? (1.4)
Fe* +'OH — Fe" + OH k=25-5810M*s* (1.5)
Fe*+ HO, » Fé"+ 02 + H k=33-21016mts? (1.6)
FE'+ 0, > Fe + 0, k=50-190 16M*s? (1.7)

For practical applications, Fenton and Fenton-fiéactions are difficult to distinguish as in the
presence of the above described catalytic cycleods Fé" and ferric F&" iron species are
always present simultaneously. Especially in adarmplar excess of 4., when initial F&" is
transformed to Fé quickly, it is meaningless, from a mechanistic paifiview, to distinguish
ferrous from ferric type Fenton reactions (Pigriatadt al, 2006). When dissolved Feis
continuously regenerated from>Fallowing a continuous generation"6fH, this can be referred
to as a homogenous catalytic system. The regeaerafi Fé* from Fe®* can be accelerated

irradiating the system (photo-Fenton process).

1.4.1.2. FENTON PROCESS AND DRINKING WATER DISINFECTION

The Fenton reagent is strongly enhanced by sothatran, but was generally perceived to be
limited to a very low operational pH, which seen adapted for treating water for human
consumption (Spuhleet al, 2013). Murray and Parsons (2004) identified thegnd the F&

dose as key parameters determining the removalieftty of both, Fenton and photo-Fenton

12
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processes. However, high removal efficiencies veetd@eved also within a pH range of 4 to 6,
making the processes more attractive to drinkintewaeatment. Based on these results, they
suggested that this process could be used to préverformation of disinfection by-products
(DBPs) during water treatment by reducing the ledl precursor species prior to chlorination.
The photo-Fenton reaction typically gives fastéesaand a higher degree of mineralization than
the thermal or dark reaction and can take advarghbyght in the solar spectral region because of
the photo-activity of some iron aquao-or organanptexes (Malateet al, 2009). Therefore, the
photo-Fenton is of a general increasing intereghefscientific community for drinking water

disinfection.

1.4.2. THE PHOTO-FENTON PROCESS

The enhancement of the Fenton kinetic under litimtnination is known as photo-Fenton. The
catalytic cycle of the system is maintained throtlgé regeneration of Eefrom F€*. This
reaction is highly efficient at acidic pH (2.5-3t this pH, Fé" exists predominantly as the

hydrolysed hexaquo ion Fef8)** (Egs. 1.8-1.9) (Pignatellet al, 2006; Malatcet al, 2009):
H,O + Fe(HO)s™" — Fe(H0)s(OH)" + HO* (1.8)
2H,0 + Fe(HO)s*" — Fe(H0)4(OH), + 2H:0" (1.9)

Dropping water ligands from the formulas, Fel%**, Fe(HO)s(OH)" and Fe(HO)4(OH), can
be written as F&, Fe(OHJ and Fe(OHy Below pH 3, most of the present ferrous ion i
present as P& At pH above 3, ferrous ions will tend to co-pptite with F&" oxyhydroxides,
if the two ions are present together. However ilthmination of the system leading to the photo-

Fenton system can accelerate the regeneration %fffeen F€* because some Fehydroxy

13
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complexes undergo photoreduction under UVA andbigsiradiation, producingOH and

regenerating P&, via the ligand to metal charge transfer (LMCT)(Bleret al, 2013):
[Fe*(L)n] + hv — [FE*(L)n]* — [FE (L)n_q] + L ox (1.10)

Fe* complexes have different light absorption progsrfor different ligands L affecting directly

the quantum yields for the generation of F&®H and other ROS.

1.4.2.1. PHOTO-FENTON PROCESS AT NEAR NEUTRAL PH FOR DRINKING WATER

DISINFECTION

Solar water disinfection enhanced by a photo-Fergomcess at near neutral pH and low
temperatures is novelty from a scientific and tetbgical point of view. This enhancement is
achieved by increasing the rate of ffH radical and others ROS production®Fean form
complexes with many substances and undergo phetotied as described in Equation 1.10*Fe
complexes with organic ligands, which absorb lightthe solar spectrum and are stable at
environmental pH, allow to circumvent the pH depamay of photo-Fenton. Such ligand can be
formed with some oxidation intermediates of degtiatdaproducts of natural organic matter
(NOM) and promote the conversion of *Feto Fé&*, in addition to the uni-molecular
decomposition of the Bthydroxy complexes (Jianet al, 2010). The photolysis of these’ke
organo complexes, which have generally a high maltgorption coefficient in UVA and visible
light than the F¥ leads to the regeneration of?Fand the formation of a ligand radical (Feng
and Nansheng, 2000). £earboxylate complexes (Eq. 1.11) can have muchemigiuantum

yields than F&-hydroxo complexes and undergo also LMCT.

[(RCOO)Fe™ + hv— Fé" + CO, + R (11)

14
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During the photocatalytic cycle, both¥eand organic radicals can than react withlé&ding to
the formation of ROS (&, 'OH, H,0O,), which may attack bacteria and other targets §Fand

Zepp, 1993; Feng and Nansheng, 2000).

1.4.2.2. IMPACT OF NOM ON PHOTO-FENTON DISINFECTION

Natural organic matter contains functional grougsciv can form complexes with Eeor F&*,
These complexes not only increase the solubilitiraf over the natural pH range, but they can
also considerably contribute to the photo-Fent@actiens via a LMCT under solar radiation. The
positive effect of NOM constituents (carboxylic @& on photo-Fenton process, which allows to
work at near neutral pH has been reported by (Geatrgl, 2007; Lipczynska-Kochany and
Kochany, 2008; Vermilyea and Voelker, 2009; Rudlesfat et al, 2013). Strong and
photoactive complexes with Feare formed by carboxylate groups or polycarboegate.qg.
oxalate, malonate and citrate), the most commontiomal groups of dissolved NOM (Zept
al., 1992; Pignatelleet al, 2006; Lipczynska-Kochany and Kochany, 2008). He&-organo
complex thereby undergoes LMCT (Eg. 1.11). Undestpi-enton, the carboxylic acids groups
can partially substitute the OH groups irf Fleydroxy complexes and stabilize these complexes
at near neutral pH leading to the possible distidacof drinking water. In the past few years,
several authors have shown, that because of itatoigeeffect leading to the formation of photo-
active F&" or Fé"-organo-complex, NOM did not only accelerate thetpienton system and
allow to operate at near neutral pH but it can asto-oxidized subsequently (Murray and

Parsons, 2004; Georgt al, 2007; Vermilyea and Voelker, 2009; Sputéeal, 2013).

NOM can be a serious problem for drinking wateatiments not only because they can be a

substrate for bacterial regrowth after treatmeut,abso because under chlorination, this NOM is

15
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often subject to the formation of carcinogenic lgalwated disinfection by-products (DBP) such
as trihalomethanes (Gallard and von Gunten, 200&ebsonet al, 2008; Moncayo-Lasset
al., 2008a; Guo and Chen, 2009). Photo-Fenton progesear neutral pH can considerably
decrease the NOM content in drinking water sou(bkgray and Parsons, 2004; Moncayo-Lasso
et al, 2008a; Vermilyea and Voelker, 2009). The degiadabf NOM by the photo-Fenton
reagent does not lead to the formation of DBP (Ripeet al, 1997). It seems, that is the
chelating effect of some functional groups of th®@Nis, which on one hand, contribute to the
solubilization of F&" and F&" at near neutral pH and on the other hand are zeddduring this
process either by ROS generated when solubiliz&trEacts with HO, and on the other when

undergoing a LMCT in the Béorgano complexes.

1.5. THE COMPOUND PARABOLIC COLLECTOR (CPC) SOLAR

REACTOR

High-performance compound parabolic collector (CROWhich large volumes of water can be
treated at one time can be used for different sekter treatment technologies. The CPC is a
batch solar reactor composed of borosilicate glakss, which are placed in the focus of the
aluminum reflectors. The aluminum frame is mournedtilted platforms orientated to the sun.
The glass tubes are interconnected so that watess fdirectly from one tube to another and
finally into a tank (recirculation). A centrifugaump returns the water to the tubes exposed to
the solar collector. Once the water has been cdeipleeated, the total volume is redirected to
this tank, which is closed to prevent recontamoratiThe advantage of recirculating CPC is
definitively the large volumes, which can be trelat¢ a time. Several authors have tested the

efficiency of the CPC in enhancing the photo-disatiion of waste and drinking water (Rincon
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and Pulgarin, 2007a; Kenfaek al, 2009; Moncayo-Lasset al, 2009; Ubomba-Jaswet al,

2010; Byrneet al, 2011; Sciaccat al, 2011).

1.6. THE PHOTO-INACTIVATION MECHANISM

1.6.1. INACTIVATING REACTION UNDER DIRECT SOLAR RADIATION

Sunlight may cause direct damage to biomoleculesnwhVB radiation is absorbed by DNA
(Smith et al, 1987; Reed, 2004). It is more common for solarAUadhd visible light to cause
indirect damage. The central hypothesis of indimgatical inactivation is that photosensitizing
compounds can absorb solar UVA and visible radiaBad thereby get excited. The excited
compounds can then either directly attack microoisya via the reaction with cellular
biomolecules (type I) or produce ROS via energgdfar and redox reactions with surrounding

oxygen in the water (type Il) (Kohn and Nelson, @08puhleret al, 2013).

The optical inactivation of microorganism in soldisinfection systems is mainly due to the
generation of reactive oxygen species (ROS, typathway of photo-inactivation), even though
the direct interaction of excited photosensitizedth biomolecules without the intermediate
formation of ROS (type I) plays also a role depagdin the water composition. The transition
metal iron (in particular free or loosely boundrirsalts F&°™* as well as the long living ROS

H.O, and Q", play an important role in the generation of shHimihg and thus more reactive

ROS (e.g’OH via the Fenton reaction) leading to the fatahdge during photo-oxidative stress
(e.g. sub-lethal or lethal damage) in the procésolar disinfection of water (Eisenstark, 1998;

Imlay, 2008).
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1.6.1.1. MECHANISM OF TYPE I AND TYPE Il PATHWAY OF PHOTOINACTIVATION

Type | reactions includes the attack of proteingl @ell membrane components, especially
membrane lipids (Gourmelost al, 1994), leading to lipid peroxidation chains (Galoi et al,
2000) and the inactivation of the cells which cob&ldue to increased permeability and/or the
disruption of trans-membrane ion gradients, (R€804). ROS generated in the type Il pathway
can also monitor these attacks. The main ROS geuokiay photosensitization of organic
dissolved matter are singlet oxygeéf4), superoxide (&), hydroxyl radicals"OH) or hydrogen
peroxide (HO,). When the concentration of active oxygen speaieseases to a level that
exceeds the cell's defense capacity, this is calledative stress (Cabisceit al, 2000). The
biological targets for these highly reactive oxygaecies are DNA, RNA, proteins and lipids

(Spuhleret al, 2013).

1.6.1.2. THE PHOTOSENSITIZERS

Photosensitizers (PS) can be either endogenous (iat of the cells themselves) such as
porphyrins, cytochromes, cytochrome oxidase, armmatmino acids, flavins, tryptophan,
chlorophylls or chromophore groups of proteins amgnes (Hartman and Eisenstark, 1978;
Curtiset al, 1992; Rajendraet al, 2004). Exogenous photosensitizers, which absghb in the
solar UV and visible range are often of organiaurgtsuch as humic (Curtet al, 1992; Paukt

al., 2004) and fulvic acids (Corgt al, 2008) or other dissolved natural organic matgktgag

and Hoigné, 1985; Canonied al, 1995; Sandvilet al, 2000; Zharet al, 2006; Zhan, 2009).

1.6.1.3. CHARACTERIZATION OF SOME ROS

Many studies have shown th&D, can oxidize a variety of organic substances irinfyd

biologically important compounds, such as aminasdiZeppet al, 1977) or other parts of
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proteins (Davies, 2003; Rengifo-Herreztal, 2009). The bacterial membranes (lipids) are the
most likely target for the often exogenously pragtlisinglet oxygen and oxygen radicals (Curtis
et al, 1992; Spuhleet al, 2013) leading to enhanced permeability and ssratamage of the

cells.

O, itself is relatively little reactive. When genexdtexogenously £ is sufficiently long living
to diffuse into the cells but this process is sldweecause © is charged (Imlay, 2008).
However, Q™ produced endogenously is responsible for the dwidaf [4Fe-4S] cluster present
in cells, the subsequent release of Fand the simultaneous formation of®3 allowing the
generation of toxicOH via intracellular Fenton reactions (Gutteridd®82; Imlay, 2003;

Fridovich, 2011).

‘OH reacts at, or close to, a diffusion-controlletier Hence, any forme®H will react with
whatever is present at its formation site and tliyedamage almost all biological molecules,
including DNA (Halliwell and Gutteridge, 1992).ttiese radicals are produced sufficiently close
to the bacterial membrane (because their highiwgotioes not allow them to travel in the bulk
water) they lead to the oxidation of lipids affacfithe structural and functional integrity of the
membranes (Kellogg and Fridovich, 1975). If theg @roduced inside the cells, they will

immediately attack the biomolecules, especially DNA

H.O, on its own is also relatively little reactive, bhas the ability to attack the cellular
membrane, initiating lipid peroxidation chains thatrease membrane permeability and affect
the viability of the cells (Halliwell and Chiricol993). However, kD, is long-living and

therefore penetrates membranes and diffuse inte whlenever it is present in the extracellular
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habitat (Imlay, 2008). The presence aof in the cell can led to serious damage becausts of i

ability to react with metal ions (e.g. #egenerate highly toxitOH.

1.6.2. PATHWAY OF THE PHOTO-OXIDATIVE STRESS

The biological targets of ROéCXz, H.O,, O, as well asOH, type Il photosensitization) and
other radicals (type 1) are DNA, RNA, proteins aliyids (Cabiscolet al, 2000). Oxygen
dependent type Il photoreaction are probably theom@omponent of optical bacterial damage
because of the ROS induced membrane lipid peragidaind DNA damage (Reed, 2004). Free
radicals attack membrane lipids (Gourmelenal, 1994) such as the phospholipids chains
(Gutteridge, 1982) or polyunsaturated fatty acidisiating lipid peroxidation chains (Cabiscet

al., 2000). Lipid peroxidation is a complex procesarelterized by three distinct phases: a slow
induction period, a rapid autocatalytic phase argloas termination phase (Gutteridge, 1982).
Lipid peroxidation results in a decrease of the tmeme fluidity altering the membrane
properties and disrupting membrane-bound protéiabiscolet al, 2000). It action can also lead
to increase membrane permeability, disruption ehsmembrane ion gradients and finally
inactivation (Reed, 2004). The attack of polyunsstted fatty acids acts as an amplifier, more
radicals are formed, and the polyunsaturated fatigls are degraded to a variety of products.
Some of them are aldehydes, which are on their vary reactive and can damage molecules,
such as proteins (Cabiscel al, 2000). When proteins are exposed to reactive exygpecies,
modifications of amino acid side chains occur arahsequently, the protein structure is altered
(Cabiscolet al, 2000). The toxic effects of 0, and Q™ is due to their important role in the

Fenton reaction and the generation’©H via this pathway (Gutteridge, 1982; Imlay, 2003;
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2008).'0,, on its term is an effective initiator of lipid peidation chains and it has also been

proposed, beside the generation@ifl via the Fenton reaction (Kellogg and Fridovit@75).

1.6.3. OXIDATIVE STRESS THROUGH INTRACELLULAR FENTON

Under UVA and visible light, iron concentrationsncke enhanced. Hoertet al. (1996) and
(2005) have shown that enterobactin is an endogealmomophore for UVA and contributes to
cell lethality under radiation in the solar speniruia the destruction of its ligand, releasing'Fe
into the cytoplasm oE. coli bacteria to catalyze the production of highly reacthydroxyl
radicals and other toxic oxygen species via thedraldeiss reaction. Pourzaetial. (1999) have
shown that the UVA radiation also increases thellev intracellular reactive iron pools via the
proteolysis of ferritin (Tyrrellet al, 2000). UVA radiation also breaks down heme-caomg
proteins in the microsonial membrane to release freme as an additional photosensitizing
component (Tyrrellet al, 2000). Also, ROS can directly interact with bounoh to make it

available (Spuhleet al, 2013).

Imlay (2008) described that during the oxidativess, @~ could penetrate in the active sites of
enzymes containing iron-sulfur clusters ([4Fe#)S]0,™ then binds the critical iron atom and
oxidizes the cluster to a redox state that is inhstahe produced [4Fe-4S]then releases Fe
and is left in a inactive [4Fe-4Sform. The [4Fe-43] cluster can also be oxidized by®}
leading to the release of ¥eAnd the oxidation of the cluster by,Oleads simultaneously also

to the generation of cellular,B, (Imlay, 2003; 2008):
[4Fe — 4S{" + O, + 2H" — [4 Fe — 4ST" + H,0;, (1.12)

[4Fe — 4ST" — [4Fe4S]" + F&* (1.13)
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Besides the Fé release from iron-sulfur cluster,,Ocan also reduce and liberate*Fé&om
ferritin (Henle and Linn, 1997). The generategDbiand F&" can through the Fenton reaction
lead to the generation of highly reacti@H radical which will lethally oxidize the cell DNA

(Gutteridge, 1982; Henle and Linn, 1997; Imlay, 200

1.7. SYSTEMATIC EVALUATION OF THE PHOTO-FENTON

DISINFECTION

The first systematic study on photo-Fenton solatewalisinfection allowing a mechanistic
interpretation and which illustrates the possibé¢hprays involved in photo-inactivation &.
coli in presence of & Fe*, H,0, and the photo-Fenton reagent in milliQ water wasied out

by (Spuhleret al, 2010). According to the results, it was estimédteat the differences in how
Fe?*, Fe*, H,O, and the photo-Fenton reagent affect bacterialgphmzctivation involve not only
classical photo-Fenton reaction and photo-oxidatie®ular stress, but also excessiveé Fand
H,O, uptake by bacteria leading to intracellular dagkten reaction (photo-oxidative stress) and
the aggregation of some iron species with bacteading to the formation of photo-active Fe-
bacteria bound. Many gram-negative bacteria, si$ch. aoli possess highly specified binding
proteins and siderophores to sequestrafé fée facultative anaerobic respiration (Braun, 2001
Besides, the membrane of gram-negative bacteria di®® contain other proteins with many
carboxylic end groups which are likely to show &iniy for Fe** and to support the formation
of photoactive F&€-bacteria bounds. Intracellular iron andQ4 play both an important role in
photo-oxidative stress (Imlagt al, 1988; Imlay, 2003). The toxicity of F&for microorganisms
due to its ability to generate radicals via inttedar Fenton reaction can also be observed in

nature (Touati, 2000) and has been explored foirthetivation of waterborne viruses (Ryan
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al., 2002; Youet al, 2005) and bacteria (Auffagt al, 2008; Leeet al, 2008) via the corrosion

and subsequent Ferelease from zerovalent iron (Spuhégral, 2013).

1.8. SOME APPLICATIONS OF THE PHOTO-FENTON AT NEAR

NEUTRAL PH

The photo-Fenton process at near neutral pH andlger reagent concentration was tested for
the elimination of NOM from river water (Murray ariarsons, 2004; Moncayo-Lassb al,
2008a; Ruales-Lonfat al, 2013; Spuhleet al, 2013). Simultaneous to organic oxidation it was
also observed that the process significantly enddinice solar inactivation of some pathogenic
bacteria (Moncayo-Lasset al, 2009). The enhancing effect of the photo-Fentorcgss for
photo-inactivation oE. coliin drinking water at near neutral pH was for thrstftime reported
by (Rincon and Pulgarin, 2006). Subsequently, tiieaecement of bacterial photo-inactivation
via photo-Fenton at near neutral pH was reportddbascale, pilot scale and in natural waters at
reagents’ concentrations in the micro to millimai@ange (Moncayo-Lasset al, 2009; Sciaccat

al., 2010; Spuhleet al, 2010; Polo-Lopeet al, 2012).

1.9. AIMS AND OUTLINE OF THE THESIS

Research conducted in the framework of this thesised to determine the feasibility of the
disinfection of large volumes of natural drinkingater in Sub-Saharan region, via the photo-

Fenton reagent and to test the technical implertientat field scale.

The following specific tasks were carried out:
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Evaluate the simple solar and enhanced photo-Festian disinfection of natural waters
with near to neutral pH (wells) and alkaline pHr{dan PET bottles and CPC reactor.
Characterize the physicochemical and wild enteaictdria contents of the water sources
and evaluate their influence on the sole sola) @nd photo-Fenton (E&H,O,./hv)
disinfection.

Evaluate the impact of the pH, temperature, irrackaand dose of the direct solar
radiation on the inactivation rate of the wild eidéacteria during the simple solar or
enhanced photo-Fenton solar disinfection.

Evaluate the optimal concentration of added hydnogeroxide (HO,) needed for an
efficient photo-Fenton disinfection of natural deimg water.

Evaluate the effect of the raining season on thigcieficy of the photo-Fenton
disinfection.

Conduct post irradiation control of the water quyalo evaluate the efficiency of the

photo-disinfection.

To efficiently present this research work, this sieeis organized in five chapters. The
introductive Chapter 1, contains the overview @& thinking water scarcity in the world and the
potential of point-of-use and household level wateatment, followed by a broad presentation
of the solar and photo-Fenton disinfection mechaais

In Chapter 2, the results of the research is ptedetior which natural wells water with near to
neutral pH was inactivated in PET bottles considgsgeveral photocatalytic systems to evaluate
the impact of the natural iron contents of the wate photo-Fenton disinfection before the

experimentation of large volume of water (25L) e CPC solar reactor.
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Chapter 3, present the results from the evaluatidhe impact of different irradiances and doses
following several exposure sets of the water sampke CPC solar reactor, during different day
times. Considering the impact of the pH on thecedficy of the photo-Fenton and the proximity
of the studied wells with agricultural areas, thenitoring of the variation of pH, NA, NOs”
and NQ" during the photo-treatment was assessed to eealo@timpact of these parameters on
the photo-Fenton treatment and vice-versa as wdhea possible formation of the health related
disinfecting byproducts.

Chapter 4, present the results on the first evanaif the efficiency of photo-Fenton disinfection
at alkaline pH for the disinfection of natural sagé water (pH 8.6) collected from a dam in
Ouagadougou, at field scale in a CPC. The evolubbpH during the photo-disinfection was
monitored. The impact of some inorganic ions presen the natural water sample on the
efficiency of the photo-Fenton process was alsduaved.

Chapter 5, present the results from the experimientaluring the raining season in order to
present the impact of the high intermittence of sloéar radiation on the efficiency of photo-
disinfection (simple solar and enhanced photo Festar disinfection) comparatively to the
situation available during the summer time.

Each chapter contains its corresponding materralsn@ethods section. At the end, a summarized
conclusion on the progress on photo-disinfectiopresented with a directions to future work, in
order to improve the state-of-art knowledge of tpiomising field of water disinfection

processes.
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Enteric bacteria to perform a photo-Fenton disinfection of drinking water when adding HzO:, (ii) addition of external
Drinking water iron salts at near neutral pH has no additional effect on the bacterial photo-Fenton inactivation process.
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2.1. INTRODUCTION

The use of solar energy for water treatment isva anred promising alternative to the disinfection
of drinking water. Solar disinfection (SODIS) wassff used in 1980 to produce re-hydration
solutions for children suffering from diarrhea ieiBit (Acraet al, 1980). The SODIS treatment
involves the use of transparent plastic bottlesy@bylene Terephthalate (PET) of 1-1.5 L) filled
with water and exposing them to sunlight for atste& hours depending on the meteorological
conditions. The inactivation or death of pathogenicroorganisms is achieved by the synergistic
effect of radiation and heat (Wegekt al, 1994; Sommeet al, 1997; McGuigaret al, 1999).
Underexposure and bacterial re-growth result iroimglete bacterial inactivation (Reed, 2004;
Méausezahlet al, 2009). Improvement of the SODIS treatment inckuthee use of black backs
bag (Kehoeet al, 2001) or the Ti@ photocatalytic processes (Rincon and Pulgarin,3200
Fernandezt al, 2005; Marugaret al, 2008). Recently, the photo-Fenton systent‘(FeO,/hv)
has been shown to increase the solar photo-inéictivaf Escherichia coliat near-neutral pH
(Rincon and Pulgarin, 2007a; Moncayo-Lassoal, 2009; Spuhleret al, 2010). Hydrogen
peroxide (HO,) significantly increased the photocatalytic ineation process in natural water
containing natural iron (Sciaced al, 2010). The Fenton reagent generates the highlgtive

‘OH via the Haber-Weiss reaction (Sychev and Is@85}):
Fe" + H,0, — Fe€* +"OH + OH k=53 —76 Ms* (2.1)
During the Fenton process,¥ean be regenerated fromFim the presence of #,:

FE + H,0, — FETHO, + H' k=1-2x18M's? (2.2)
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But the Fenton process is limited by théFegeneration of B& (Eq. 2.2). This drawback is
partially countered by photo-Fenton reactions. bctf under illumination, ferric-hydro-
complexes or ferric-organo-complexes in solution e®dsorb photons and generate ligand-to-
metal charge-transfer (LMCT) reaction in whict FgeneratingOH (Eq. 2.3-2.5), (Pignatellet

al., 2006; Malatcet al, 2009).

Fe(Ly)+ hv— FE (Lna) + Loxt (2.3)
[Fe(OH)F*+ hv— Fe&* +'OH (2.4)
[Fe(OOC — Rf*+ hv— Fé* + CO, + R (2.5)

The pH influences the efficiency of the photo-Fenteagent, with an optimum level of pH 2.8-3
(Safarzadeh-Amiret al, 1996). Considering this acidity criteria, the f&enton was in the
past preferably used for the treatment of wastewatmainly for the degradation of bio-
recalcitrant organic pollutants via the generat@BSRKenfacket al, 2009; Malatcet al, 2009).

But the recent discovery of its efficiency at neautral pH in the presence of organic substances,
(Spuhleret al, 2010) gives the possibility of using it in thedtment of drinking water. The Sub-
Sahelian African region receives about 2,500-3,000rs of solar radiation annually with more
than 2,300 KWh.M.an' irradiance in some parts (Kenfackt al, 2009). This natural
illumination with a UV-component represents a pdwleintake to drive photo-Fenton reactions

in the region.

Studies on the inactivation of model bacteEadoli K 12) by the photo-Fenton reagent in milliQ
water (Rincon and Pulgarin, 2007a; Spulderal, 2010) or milliQ water containing simulated
NOM (Spuhleret al, 2010) and some research on the disinfection &f tacteria in natural

water have been reported (Sciaetal, 2010; 2011). This study is related to the inatton of
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bacteria in natural waters. In this study, we asfslréne intervention of the Fenton {f#el,0,)
reagent-driven bacterial inactivation and phototBer(F&*/H,O./hv) processes on various wild

bacteria in groundwater from wells in Burkina Faaest Africa.

2.2. EXPERIMENTAL DETAILS

2.2.1. REAGENTS AND MATERIALS

Hydrogen peroxide, 30% (AnalaR Normapur, VWR) amdnl (ll) Sulphate Heptahydrate
(FeSQ.7H,0) were used to prepare the Fenton reagent. Dthnegxperiments, Catalase from
bovine liver was used to inactivate the remainin@#lin the treated water before the bacterial
culture. Hydrochloric acid fuming (HCI), 37% wasedsfor glass-reactor cleaning. Catalase and

HCIl were from Fluka Analytical, SIGMA-ALDRICH ®.

2.2.2. WATER SAMPLING

Water samples were collected at two household virglla two sectors in Ouagadougou: well 1
(W1) at Tanghin, sector 30, and well 2 (W2) at Nogssector 21. Water from these wells is used
for cooking, laundry, bathing and occasionally floinking purposes during the recurrent water
shortage period. Samples for lab experiments welleated from the water sources with two

PET bottles (1.5 L) one hour before the beginnifighe process. One bottle was used to
determine some physico-chemical parameters andttier for the disinfecting experiments.

Water for field experiments was collected only fré%2 with a 20-liter plastic jerricarin-situ

temperature was monitored.

2.2.3. BACTERIAL STRAIN AND GROWTH MEDIA

The wild bacterial strain monitored in this studgsathe fecal indicator bacteria coliforasctoli,

andSalmonellaspp. Microbiology Chromocult ® (Merck KGaA), wasad for bacterial plating.
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The Chromocult is a selective and differential gitowedia. It selectively inhibits growth of the
non-enteric bacteria. As experiments were conduefédnatural water, considering their initial
enteric bacteria contents, no dilution was realizetbre the bacterial plating. 100 pl of sample
water were inoculated in the growth medium. Comdidethe selectivity of Chromocult, the
detection limit of enteric bacteria was 0 (zerojJoog growths observed in the plate. The
differential nature of the medium permits the distion of Salmonellaspp (colorless)E.coli
(purple and pink) and the blue and salmon colomdnies of other coliforms bacteria. The
Incubation period was 18-24 h at 37°C, allowing ginewth of all previously mentioned enteric
bacteria. However, in order to more strongly repn¢she decrease of the total coliforms, all the

E. coliobserved and others coliforms counted were preddngether in this study.

2.2.4. ANALYTICAL METHODS FOR PHYSICAL PARAMETERS OF WATER

Temperature (T°C), pH and hydrogen peroxide evatutvere monitored following Sciace al.
(2010). Turbidity was measured with a PCcompactugbility/Triibung, (Aqualitic). The total
iron content was measured with the spectrophotantéfCH 2000, by the FerroVer method

265. The detection limit of the spectrophotomet&CH 2000 was 0.02+0.01 mg/L.

2.2.5. HELIO-PHOTO-INACTIVATION EXPERIMENTS

2.2.5.1. LABORATORY EXPERIMENTS USING A SOLAR SIMULATOR (SUNTEST)

The photo-inactivation experiments at laboratorglesavere conducted following the process
used by Spuhleet al. (2010) in a solar simulator (suntest). The disihfey efficiency of four
photo-assisted systems combined with both or omg Benton reagent ¢B,/F€") in: (i)
H,0./F*Ihy, (i) Fe**Ihy, (iii) H.O./hv, and (iv) only light irradiationv) were evaluated in
parallel with dark-control experiments: (5,®bFe*/obs (6) Fé/obs (7) HO./obs and (8)

obscurity only ¢bg. In these systemby: refers to illumination andbs:to obscurity. Glassware
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for analytical analysis and reactors were acid edakfter each experimental series to prevent
iron cross-contamination (10% HCI, 3 days and rsghafter preliminary experiments the,Gh
dose in this study was set at 8.5 mg/L. The comagan of the added iron was ¥€0.6 mg/L)

as evaluated by Spuhlet al. (2010). The initial pH of the water was 4.9 an8 &spectively for
W1 and W2. Each experiment was repeated at leest times to ensure the reproducibility of

the results.

2.2.5.2. FIELD EXPERIMENT USING PET BOTTLES

PET bottles were used for field experiments as tieye a relative good absorbance (Fig.2.1-c).
Only the water from W2 with a close-to-neutral glb{e 2.1) was used at this level. Following
the results of the lab experiments, the systefi/fiewas not evaluated at field scale and the
other systems and their blank were evaluated pfidate (Fig.2.1-a,b) over three successive days
at the end of April 2010. Nine new PET bottles (L)5representing three replications of the
systems (HO./F€*/hv, H,O./hv, and b)) were filled with: F&" (0.6 mg/L) and KO- (8.5 mg/L)
added before their exposure to solar radiationniBleontrol bottles were covered with Al-foil
and kept in the dark. During the experiments, siddration was recorded following the process
used by Sciaccat al. (2011). To evaluate the bacterial inactivatiore ra&amples of the treated
water were collected at regular time intervals isterile 15 mL Eppendorf for plating. Some
parameters of these water samples are presentadblen2.1. The PET bottles were used only

once to ensure the same and relatively good lighstmittance (Fig.2.1-c) in all the experiments.
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Figure 2.1. (a) 9 Pet bottles for the triplicate simultaneoelsposure of the systems,8,/Fe**/hv,
H,O,/hv, and hv (irradiation only). (b) Blank of each system, (chb#orbance of different reactor
materials (Pyrex, Glass, Pet).

2.2.6. POST-IRRADIATION EVENTS

At the end of the irradiation phase of the labamatexperiments, remaining samples from
systems 1 and 2 were introduced into sterile 5GEmphendorf flasks and kept in the dark at room
temperature varying from 25 — 30°C. For field expents, each PET bottle from the exposed
and blank tests was closed and kept in the darlgrB@th experiments were realized on stored
bottles after 24 h, 72 h and one week. Considetiregreal scale situation for treated water
intended for populations, the samples water wenet ke the dark without removing their

remaining 2 to 3 mg/L of D,. This remaining amount of &, ensures a residual effect on the

treatment. However, it was no more detectable df8eo 72 h.

2.2.7. DATA ANALYSIS

The three-way ANOVA Package of the Wolfram Mathdo@a8.0 program was used to evaluate

the influence of the acidity, bacteria types amadration used on the disinfection rate.
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2.3. RESULTS

2.3.1. PHYSICO-CHEMICAL CHARACTERIZATION

Both water samples used in this study were colieete Ouagadougou during the months of
March and April 2010, (dry season). They had atalniemperature of 29°C and low turbidity <
10 NTU. The maximum acceptable turbidity recommenfite SODIS disinfection is 30 NTU,
(McGuiganet al, 1999; Reed, 2004). The W1 has an initial pH &fahd a total iron content of
0.06 mg/L; while in W2 the initial pH value was @8d the total iron content 0.07 mg/L. The
concentration of both wild enteric bacteria (totaliforms/E. coli and Salmonella spp.) was

approximately 10CFU/ml in both water sources.

2.3.2. EXPERIMENT UNDER SIMULATED SOLAR RADIATION

As it has been reported before (McGuigatnal, 1998; Spuhleet al, 2010), the decrease in
CFU/mL of the samples’ enteric bacteria broadlyolek the first order kinetics, based on log-
linear plots (Fig.2.2). Inactivation rate constamtisserved during the inactivation process
reported as k [mif] were calculated by linear regression (Table Z#nsidering all the systems
tested with W1 and W2, only the photo-Fenton’{fF&O./hv) and hydrogen peroxide systems
(H202/hv) lead to a total inactivation of the fecal indmat bacteria. Irradiation onlyjh¢) and
Fef*/hv, as well as blank systems ABb/Fe**/obs F&*/obs H,O./obs obg show a lower decrease

in their active enteric bacteria concentration wittvo hours’ irradiation (Fig. 2.2)
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Figure 2.2.: Inactivation of the bacteria content in sample watem well 1(W1, pH: 4.9+0.05) and
well 2 (W2, pH: 6.3£0.05) during photocatalytic atenent in the solar simulator Suntest. After the
introduction of 90 mL of sample water to the 100 llass reactor, 8.5 mg/L of 8, and 0.6 mG/L of
Fe’* were added to the corresponding systems and ti@ik control. during the experiments, water
temperature was< 45°Ca) total coliformsE. coli, (b) Salmonellaspp. @) F€*/H,0,/hv, (®) H,O,/hv,
(A) Fé'hy, (¥)hv only, (O)Fe*'/H,0,/0bs, (O)H,0./obs (A) F&*/ obsand (V) obs only. Graphics
produced by the Listlogplot function of WOLFRAM MAIEMATICA software.
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Table 2.1: Characteristics of some physico-chemical paransetdrthe water sample

used in field experiments

Parameters Experiment 1Experiment 2 Experiment 3
(J1) (J2) (J3)

Turbidity (NTU) 8+0.2 8+0.2 9+0.1

pH 6.13+0.05 6.26+0.02 6.14+0.05

Temperature (°C) 28.9+0.2 31.1+0.2 29.3+0.2

Initial Iron content (mg/L) 0.07+0.02 0.07+0.02 040.02
Added Iron (mg/L) 0.6 0.6 0.6

Added HO, (mg/L) 8.5 8.5 8.5

2.3.2.1. INACTIVATION IN THE SYSTEMS FE2+/H.0:/HV AND H:0:/HV

Considering only the systems in which the totalctivation of the bacteria were achieved
(FE"IH,0,/hv and HO./hv), it can be noticed that in W1 (pH=4.9) the phB&nton system
(FEH,0,/hv) induced a stronger inactivation of the enterictéda, particularly in the total
coliformskE. coli group. This group has shown an inactivation ratmstant of (k = -
0.3887+0.005 min), (table 2.2) and their total inactivation was iaekd after 30 min. In the
H.O./hv system, we have to take into account the natueslgmce of 0.07 mg/L of iron in water.
Natural iron confers to this system the photocéitalgroperties, leading to a high inactivation
rate constant (k = -0.1953+0.003 fMjnTotal inactivation was achieved in about 60 nfinboth

systems, th&almonella sppconcentration was totally inactivated after al@imin.
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The ranking of the two photocatalytic systems cd&sng the inactivation rate constant (Table

2.2), gives the following for both wild enteric haga at pH 4.9 (W1):

Fe?* [H,0, /hv H,0,/hv Fe?t [H,0,/hv H50,/hv
kc [H203/ >k52 2/ >ks [Hz03/ >k62 2/

At pH 6.3 (W2), the ranking was as follows:

Fe?* /H,0,/hv Hy0, /hv Fe2* [H,0, /hv H,0,/hv
ks [H204/ >k52 2/ >kc [H303/ >k52 2/

C stands for total coliformB/ coliand Sfor Salmonellaspp.

The Salmonellaspp. total inactivation was achieved before thaltooliformsE. coli group in

both systems in approximately 90 and 120 min rdspdy.

2.3.2.2. INACTIVATION IN THE SYSTEMS HV AND IN ALL THE BLANK SYSTEMS
(H202/FE2+/0BS, FE2+/OBS, H.0./0BS, OBS)

For water from W1 (pH: 4.9), the irradiatioh\f alone and all the blank systems, gives just a
slight inactivation of the total coliformis/ coli after the 120 min of exposure. TBalmonella
spp. content of the sample show an increase insitaddecrease at the end of the period of
irradiation (120 min), with an increasing rate dan$ of (k =0.0013+0.005 mih. Its
concentration increased also in some blank testsedaout in the dark (table 2.2). A slight
decrease was observed both in the Fenton syst&fHg8,/obsand the system Edobswith the

same inactivation rate constant (k = -0.0080+0.006").

The inactivation of the total colifornts/ coli underhv alone and in the W2 (pH: 6.3) blanks
show a slight decrease as in W1. T®&monellaspp. content in the sample showed a slight
increase in the systetiv (k = 0.0001+0.005 mify. All the blank systems give rise to a slight

decrease
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Table 2. 2: Inactivation rate constants k [mthof each enteric bacteria group observed during itfactivation process,

calculated by linear regression for the differehbfo-catalytic treatments and their corresponditank conducted in the

dark.
Treatments / kmin™]
Water Origin/  Enteric Bacteria F&H,Oxhv H,Ox/hv Fe&'lhv hv Fe&'/H,0,/0bs H,0,/Obs Fe&'/0bs Obs
pH
Total coliforms/
Wells 1 -0.3887+0.005 -0.1953+0.003 -0.0124+0.005 -0.005@@® -0.0284+0.011 -0.0161+0.005 -0.0062+0.002 06330.004
E. coli
pH: 4.9
Salmonellaspp. -0.2085+0.002 -0.2110+0.005 -0.0044+0.012 1B&0.005 -0.0080+0.006 0.0041+0.006 -0.0080+0.0060045+0.003
Total coliforms/
Wells 2 -0.1001+0.011 -0.0798+0.007 -0.0260+0.011 -0.013330 -0.0105+0.015 -0.0002+0.003 -0.0103+0.007 0»4a0.003
E. coli
pH: 6.3

Salmonellaspp. -0.1380+0.004 -0.1189+0.006 -0.0025+0.003 @L&0.005 -0.0125+0.002 -0.0016+0.002 -0.0125+0.00R.0013+0.005
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2.3.2.3. INACTIVATION IN THE SYSTEMS FE2+/HV

The system F&/hv did not lead to a total inactivation of entericteia in both waters (W1
and W2). But a slight inactivation was observed, passented in fig. 2.2 and by the

inactivation rate constants (Table 2.2).

The data shown in Fig. 2.2 and Table 2.2, for glsinlay experiment, present experiments
carried out in triplicate. Experiments were repdate three different days and a similar

inactivation rate was observed.

2.3.2.4. INFLUENCE OF PH, BACTERIA SPECIES AND INACTIVATION SYSTEM
ON THE DISINFECTION

A significant difference between the inactivatioater of the total enteric bacteria
concentration of both wells (W1: pH 4.9 and W2: gt8) was observed when applying
Fe'/H,0,/hv and HOy/hv. The analysis of these processes by the threeAN@VA
program of Mathematica 8.0, allowed us to evaldh&influence of the acidity and other
parameters, as presented in Table 2.3. With a Fisltti® or influence factor (F) of about
48.66, it is possible to state that the pH hasangtimpact on the photo-catalytic disinfection
process (Malat@t al, 2009). The probability (P = 0.001%) gives risélte assumption that
the error may be due to noise. The impact of bec{éotal coliformsE. coli or Salmonella
spp.) or the treatment (FéH.O./hv or H,O-/hv) on the disinfection process was less
significant. The probability that the difference time inactivation rate related to these two
parameters could be due to experimental error Wwastal1% and 18% respectively for the
bacteria species and treatment used. The crossdtitms between the three parameters did

not significantly affect the data obtained.
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Table 2.3: Three-way ANOVA analysis results

Parameters DF SS MS F P
pH 1 21930.8 21930.8 48.66  0.001%
Bacteria species 1 1201.25 1201.25 2.65 11%
Treatments 1 826.875 826.88 1.83 18%
pH/Bacteria species 1 396.75 396.75 0.88 35%
pH/Treatments 1 6.13 6.13 0.01 91%
Bacteria species/Treatmentd 585.21 585.21 1.30 26%
Error 73 32901.8 450.71 - -
Total 79 57848.8 - - -

DF: Degree of freedom, SS: Sum of square, MS: Megnare, F: Fisher factor (influence factor) P:Hatulity.

2.3.2.5. POST-IRRADIATION EFFECT

To be sure that the inactivated bacteria was rsttgartly damaged, rather than killed, when
using the photo-Fenton (FéH.O./hv) or hydrogen peroxide @@./hv) systems under light
irradiation, after completion of the runs the sagsplvere transferred into sterile flasks and
kept at 25-30°C in the darbkljg. Further spread plate counts were performed ersémples
after 24 h, 72 h and up to one week. No re-growWitobforms/E. coli or Salmonellaspp. was

observed, and this suggested irreversible inaabivat

2.3.3. FIELD EXPERIMENTS

Field experiments indicated that the inactivatiater of both bacteria types applying
Fe?*/H,0,/hv and HO./hv was not significantly affected by the differendeserved in the

solar radiation and temperature each day. Variatiothe inactivation rates were observed,
however, when light alone was applied. As presemted the graphs in Fig.2.3, any variation

of the solar radiation influences the inactivatafrthe bacteria. Some of the coliforms/E. coli
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inactivation curves have a shoulder. However, therghse in CFU mit of most of the
enteric bacteria curves follows first-order kinsti@as in the lab experiments, based on log-

linear plots.

2.3.3.1. INACTIVATION UNDER DIRECT SOLAR RADIATION ONLY (HV)

2.3.3.1.1. INACTIVATION OF TOTAL COLIFORMS/E.COLI
The temperature of 49°C and UV irradiation of mtsran 30 W/rit during the first exposure

gave rise to the total inactivation of coliforfaszoli within 90 min. On the second day,
irradiation was reduced and decreased from 26 620 W/n¥ during the first exposure.
Consequently, inactivation was achieved after 120 anly. No re-growth was observed after
24h of storage in the dark over these two daysth@rthird day, the reduction in temperature
to less than 45°C and high fluctuation in the soéafiation (between 23 and 14 Wrdid
not permit a total inactivation of colifornistoliin this systemhv). Inactivation of the blank
(obg kept in the dark with a water temperature of atb@88°C was not significant during the
time of experimentation (2 h). But after the 24 drldstorage period, inactivation of about

97% was observed on the first and third day, atal ieactivation on the second.

2.3.3.1.2. INACTIVATION OF SALMONELLA SPP.

The favorable conditions during the first day opesmentation enhanced considerably the
inactivation of Salmonellaspp.: about 96% of the population was inactivatadng the 2
hours of exposure. On the second day, the relstil®l irradiation gave rise to a total
inactivation at the end of the illuminated procdss, a recovery of the viability during the 24
h dark-storage period was observed (Fig.2.3-b2¢. atimospheric conditions on the third day
were not favorable and only 44 % was inactivatethatend of the exposure. Blank tests in
the systenobs,did not give a significant inactivation during tegperiments and after the 24

h of dark storage, their concentration remainedstont.
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2.3.3.2. INACTIVATION UNDER ENHANCED SYSTEMS FE2+/H,02/HV AND
H,0./HV

Fe?*/H,0,/hv and HO,/hv showed a significant increase in the inactivatiate of bacteria
compared to the non-enhanced system (Fig. 2.3). Moreover, the variation of the solar
radiation over the three days did not significamiyjuence the inactivation kinetics. For both
bacteria species, B./hv showed a higher inactivation rate than that of sistems with
added iron (F&/H,0,/hv). The added iron has precipitated in the systepHat> 6. An
exception was observed in the case of total colig#. coli on the third day (Fig 2.3-aJ3),
because they were totally inactivated in both sgsterhis could be related to the variability
of the daily solar radiation. Re-growth experimehotsboth systems during 24 h did not show

any bacterial recovery.

For total coliformsE. coli, the control systems (EéH,O./obsand HO,/obg did not show
significant inactivation during the experiments.wéwver, the inactivation occurred after the
24 h of dark storage for the second and third tt@yoccurred only in the system,8,/obs
the first day. As in the previous cases, the cérggstems did not lead to a significant
inactivation ofSalmonellaspp. during the experimerBut after the dark storage period (24
h), total inactivation was observed in both systemghe second and third day. None of the

systems led to total inactivation on the first day.
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Figure 2.3: Inactivation of the bacteria contained in watemgde from wells 2 (W2, pH: 6.3)
during the field experiment under direct solar edtin. After the introduction of 1.5 L of water tp
the 1.5 L pet reactor, 8.5 mG/L of,8, and 0.6 mG/L of F€ were added to the corresponding
systems and their dark controh)(total coliformsE. coli, (b) Salmonellaspp., (J1) 28/04/2010, (J2)
29/04/2010, (J3) 30/04/2010M) F&**/H,0,/hv, (®) H,0./hv, (A) hv only, (O) F€*/H,0,/0bs, (O)
H,0,/obs (A) obsonly. Graphs produced by the Listlogplot functiohWOLFRAM ATHEMATICA

software.
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2.4. DISCUSSIONS

2.4.1. IRRADIATION CHARACTERISTICS

The efficiency of the solar photocatalytic disirtfen of water can be influenced by the sun’s
intensity, light absorption, initial bacterial cantration, water temperature and turbidity
(Moncayo-Lasscet al, 2009; Sciaccat al, 2010; Spuhleet al, 2010; Polo-Lopezt al,
2011b). In the lab experiments, the photo inadtwatwvas carried out under continuous
irradiation at constant intensity, with a radiatioensity of 560 Wrif. This corresponds to
300-400 nm UVA or approximately 32 WnUVA, representing the average UVA radiation of
Ouagadougou in summer (Kenfaeit al, 2009). During the lab experiments, the water
temperature inside the batch reactor remainediarfey 45°C and thermal inactivation can be
excluded (Wegeliret al, 1994; Sommeet al, 1997). Direct DNA damage by UVB can also
be excluded as the used solar simulator emits gibtdiamounts of photons at wavelengths
shorter than 300 nm (Rincon and Pulgarin, 2003) tedreactor material screened UVB
(280-320 nm, fig: 2.1-c). It has to be noted tlin water matrix used in this study is natural
water, contrary to the laboratory milliQ-water wiiccontains NOM and exogenous

photosensitizers.

2.4.2. EXPERIMENTS UNDER SOLAR SIMULATOR

2.4.2.1. IRON SYSTEM (FE2+/HV)

In solutions at low pH (2-3), the irradiation withV of various hydroxylated Pé species
produces F& and the hydroxyl radical OHEq. 2.3-2.4) (Safarzadeh-Amiet al, 1996;
Pignatelloet al, 2006). The generated Okadicals are highly oxidant, as explained above.
But in natural water (pH: 4.9 and 6.3 respectively)e photoactive ferric hydrolyzed
molecules [Fe(OH]J] are not soluble, as the predominant iron compboérthis pH is the
iron-complex which under irradiation generate$"Feith an organic radical instead of OH

(Eq. 2.5) (Malatoet al, 2009). During the photocatalytic inactivation gees in the Fé&/hv
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system, the bactericidal effect of*arises from its ability to diffuse into the cellsading to
the generation of OHvia intracellular Fenton reactions when reactinghwnetabolic HO,
(Imlay, 2008; Jang and Imlay, 2010). Spuhdétral. (2010), observed a lethal action of the
system F&/hv during the inactivation dE. coli K12, in MilliQ Water fiv> 290 nm, pH: 5 to
5.5) resulting in a total inactivation after 120nmHowever, in the present study neither the
wild total coliformsE. coli nor theSalmonellaspp. were totally inactivated after the same
exposure period in well water (W1, pH 4.9; W2: p3)6The difference in this and Spuhédr

al. (2010) results could be explained by the natuthefvater and bacteria species and by the
following pathway: (i) The inactivation process dhgh the ROS generated after the
excitation of the exogenous and endogenous phaizens was not sufficient to ensure the
total inactivation of the wild enteric bacteria atved; (ii) after the active ROS production (20
— 30 min), injured bacteria have developed selparemechanisms (Rincon and Pulgarin,
2007a) and became more resistant to the light iatiad, and multiplied (iii) the wild
bacteria are more resistant than the manufactlitedoli strain regularly used in lab
experiments; (iv) the natural water matrix usedeheontains NOM and other minerals
substances. These bacteria cannot create an osstress as in MilliQ water which could
weaken the bacteria and support the introductiofréf into the bacteria leading to intra-

cellular Fenton ROS inactivation.

2.4.2.2. SYSTEMS FE2+/ H,0,/HV AND H,0,/HV

Natural water in the Sahelian region contains laquantities of iron as it flows on
ferruginous substrates (Ben Yahmed, 2005; Sciatad, 2010; 2011). It is introduced into
the atmosphere by wind and is found in aerosolg, fain drops, ground water and lakes
(Safarzadeh-Amiret al, 1996). A total initial iron concentration of alidu06 mg/l and 0.07
mg/l was detected in W1 and W2 respectively. Thghhnactivation rate observed in the

system HO,/hv for both wells as in the systems?Hel,O./hv in contrast to that of the
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systems F&/hv or hv only can allow us to assume that the photo-Featsa takes place in
the system bLD./hv by using the initial iron contained as the catiallfsom Fig. 2.2., and table
2.2, the difference in the iron content for thetegss F&'/ H,O./hv (natural iron + added iron)
and HOJ/hv (natural iron only) did not significantly influeadhe inactivation kinetic of both
bacteria species in both wells. It can be undetlitigat it is only in the case of total
coliformskE. coli in water from W1 that the difference between thactivation rates was
significant for different photo-catalytic systenhs.the remaining systemS#&lmonellaspp. of
W1 and total coliform&. coli and Salmonellaspp. of W2), the total inactivation was
achieved approximately within similar times for lophoto-catalytic systems and no
significant differences were observed in their thation rate constants (k). Considering the
initial iron content of water from the Sahelianigeg it seems possible to achieve disinfection
of water by photo-Fenton process without addingraexton. This would be a great
contribution, not only in reducing the chemical utg required for the application of the

photo-Fenton system for the treatment of drinkireges; but also in reducing treatment costs.

2.4.2.3. ILLUMINATION ALONE (HV)

The total inactivation of total coliformis/ coli or Salmonellaspp. was not observed in the
reactor under the effect of light irradiation alofidnis could be related to the fact that the
exposure time was just 2 hours, and not 5 or 6shasmrecommended for the SODIS process
(Reed, 2004). As the present study was focusecherrdduction of the solar disinfection
exposure time by the photo-Fenton, the 2 hours sxgowere sufficient to obtain a

significant inactivation rate using £&H,O./hv and HO/hv.

2.4.2.4. PH

Great differences and contradictions were obseirvéide W2 (pH 6.3) in both systems where
total inactivation was achieved, as tbalmonellaspp. strain was the first to be totally

inactivated in both systems in about 90 min, whilat of total coliformd£. coli took about
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120 min (Fig. 2.2). This situation is in contrasthwthe assumption th&almonellaspp. is
more resistant to photocatalytic inactivation tlarcoli (Bossharcet al, 2009; Sciaccat al,
2010). Indeed, even in the W1 (pH: 4.9), in theeaysHO,/hv, both enteric bacteria species
were inactivated approximately at the same time #re inactivation rates constant of
Salmonellaspp. were slightly greater than those of totaifeohs/E. coli (-0.2110%0.005 > -
0.1953+0.003) (table 2.2). It is only in the systB&i’/ H,O./hv that theE. coli was rapidly

inactivated before th8almonellaspp.

2.4.2.5. CONTROL EXPERIMENTS: (H.0/FE2+/0BS, FE2+/0BS, H,0,/O0BS, OBS)

None of the control systems (blank) led to totadctivation of the wild enteric bacterial
concentration, even though a slight inactivatiors waserved in some cases for both wells.
These results correspond with previous studiesc@tirand Pulgarin, 2007a; Spuhkral,
2010). However, it was noticed that total colifofBascoli inactivation was more pronounced
in W1 (pH: 4.9) than in W2 (pH: 6.3) (table 2.2)jthihat situation was the reverse for the
Salmonellaspp. inactivation, whose population even increasesome systems @@.,/obs

andobs.

2.4.3. EXPERIMENTS UNDER DIRECT SOLAR RADIATION

The decrease of the enteric bacterial amount aed &g total inactivation in the control
systems (F&/H.O./obsand HO,/obg, after the 24 hours of dark storage could betdube
scavenging action of #D, as it is also a powerful ROS (Spuhédral, 2010; Polo-Lopezt
al., 2011b). It should be noticed that at high pH X@3he dark, the iron precipitation makes
them unavailable to initiate the simple Fenton tieac(Eq: 2.1) (Malatcet al, 2009). Thenv
and obs systems are expected not to produce ROS during24éhén dark storage, thus
explaining why no more inactivation was observedhi@ remaining total coliformi/ coli
and forSalmonellaspp. The increased concentration after the storayed be due to the fact

that during the dark storage without ROS productommjure them, the bacteria recover their
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ability to grow and replicate (Rincon and Pulga@007a). For total coliform&/ coli, no re-
growth was observed after total inactivation. Thegrowth ofSalmonellaspp. was due to

resistance to solar disinfection (not enhancedjeesntly reported (Bosshaedl al, 2009).

For the enhanced systemsQ4/hv shows a better inactivation kinetic than thathaf $ystems
containing added iron (E&H,0./hv). It can be assumed that with the low Fe-concéntran
natural water (0.07 mg/L), this amount was enougbtart, in the presence oL®hb/hy, the
photo-Fenton process and generate” @Qtdctivating of the enteric bacteria. The higher
inactivation kinetic of the systems®h/hv compared to F&/H,O,/hv may suggest that a high
iron concentration could have a negative effecthenphoto-Fenton treatment of natural water
close to neutral pH. This negative effect coulddhe to: (i) iron precipitation resulting in the
lack of soluble iron in the medium to maintain titeotocatalytic cycle, (ii) the reduction of
light transmittance due the increased turbiditywafter and its coloration due to high iron
contents, (iii) excess iron concentration in thduton increasing the OHscavenging
potential (Eq: 2.6) and concomitantly reduce tHeciehcy of the process (Pignatelés al,

2006).

Fe* + OH — Fe* + OH (2.6)

On the third day, th&almonellaspp. showed approximately the same inactivatioetic as
that of the first day under the best atmospherimditmns. Inactivation on the second day,
under the same temperature but lower irradiati@&2@ Wm?) was higher than on the first
and third day. These observations are relatedeadhults for total coliformB/ coli, which
show also approximately the same inactivation kinet the first and second day. It could be
assumed that up to a certain level of irradiatiod g&emperature, the influence of the two
parameters (temperature and irradiation intensity)he photo-Fenton inactivation process is
no longer significant. The same observation wasena@viously by Ubomba-Jasves al.

(Ubomba-Jasweet al) during the investigations into the effect of t&A dose on the
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inactivation ofE. coli K12. However, a slight reduction of the inactieatikinetic of total
coliformskE. coli on the third day in the systems®i/hv (Rincon and Pulgarin, 2007a) is
indicative that intermittent irradiation associatedh low irradiation has negative influence

on the bacterial inactivation rate.

2.4.4. INACTIVATION PATHWAYS

2.4.4.1. INACTIVATION IN THE ILLUMINATED SYSTEM

In all the illuminated systems, part of the obsdry#hoto-inactivation could be due to
excitation of exogenous (ferric-hydro-complex orrifeorgano-complex) and endogenous
(cytochrome, flavin, tryptophan) photosensitizefBignatello et al, 2006; Malatoet al,
2009) as well as the ROS-actiolD4, O,~, OH and HO,) generated from the dissolved
oxygen (Q) contained naturally in the water via successiteps of one-electron reductions
(Pignatelloet al, 2006; Imlay, 2008). The £ and/or the HO, have the ability to attack
proteins and cell membrane components, especiaynbrane lipids, resulting in their
peroxidation (Imlay, 2008). This peroxidation ingses the cell membrane permeability and
the disruption of the trans-membrane ion gradidRsed, 2004), which can lead to the
inactivation of the cells. ¥D, is a non-charged molecule and penetrates redwdl\cellular
membranes (Spuhlet al, 2010). The toxicity of kD, is due to the fact that they can induce
the production of OHthrough the Fenton reaction (eq. 2.1) within tek @mlay, 2008). OH

is a highly-reactive oxidant, which can degrade -bhmiegradable chemical components
(Kenfacket al, 2009; Malatcet al, 2009), NOM (Moncayo-Lasset al, 2009; Spuhleet al,

2010) and inactivate bacteria (Sciaetal, 2010; Spuhleet al, 2010).

2.4.4.2. INACTIVATION OF DEFENSE MECHANISMS

The deficiency in the cellular defense against RG#stituted by enzymes such as SOD/
SOR which control the £ or catalase which regulate the® concentration (Imlay, 2008),

can result in an oxidative stress leading to tleeiase of the ROS content of the cells at the
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level exceeding their defense capacity (Reed, 19&7g and Imlay, 2010). This deficiency in
self defense mechanisms can arise from the expa$uhese enzymes to thermal or optical
inactivation (Wegelinet al, 1994). Ghadermarzi and Moosavi-Movahedi (199@)gssted
that inactivation arises when the temperature auraat 45°C. Considering the temperature
measured during the photo-inactivation processhia study, it can be assumed that the
enzymes for self-defense mechanisms were notefticgiving rise to the optical inactivation
through UVA radiation to efficiently inactivate thoacterial contents of the water (Sommaer
al., 1997). The inactivation of the SOD/SOR and catalaads to the increase of intracellular
ROS with the direct attack of membrane and othetems. Followed by the generation of the
highly-reactive OH via intracellular Fenton reaction (Eq 2.1.). Theaction take place
between the kD, and the iron liberated from the iron sulfur clusté[4Fe-4S]) after the
inactivation of clusters enzymes like dihydroxyehdeshydratase, aconitase B and fumarases
A and B (Jang and Imlay, 2010) by the"QImlay, 2006). The liberation of free iron in the
cell comes from the specific oxidizing action oetluperoxide on the centers [4Fe-4S] of
these hydrolytic enzymes(lmlay, 2006; Jang and ym2010). The OH attacks lead to
important cellular damage on DNA (Jang and Imla§l®. When the bacteria are not
sufficiently exposed to illumination, they can reeoviability by self-defense mechanisms in
a short time (Rincon and Pulgarin, 2003). In thisly, the systems E&hv or hv have showed

a slight initial inactivation in both wells in abb@0 or 30 min depending on the enteric
bacteria involved (Fig: 2.2.). After this time, theoncentration in the water have increased
and stabilized till the end of the two hours o&dtation. This situation could be explained by
the recovery of the self-defense mechanisms sug@ydést Rincon and Pulgarin (2003). After
such recovery, the actors of the defense conglitoyeSOD and catalase, which have been
certainly weakened but not inactivated, have re@/¢heir properties and eliminated the

exceeding ROS (0, H,O,), giving rise to a recovery in the damaged baatewhich
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multiplied and stabilized in the medium, (see fg@.2). In the systems, ¥&H.,0./hv and
H,O./hv, the photo-Fenton under light and high or low iroontent increase the OH
production. This increase led to an increased ivetgdbn of wild enteric bacteria at high
inactivation rates compared to those found fdt /e or hv. The F&"-bacteria interaction are
enhanced in the presence ofCH4 with the increased production of Oknd fast F&/Fe™
interconversion under illumination (Spuhler al, 2010). OHis the most powerful oxidant
generated inside the cells. It reacts instanthhwid selectivity, at the diffusion limits, with
sugars, amino acids, phospholipids, nucleotidesaagadnic acids including DNA (Valentine
et al, 1998). Cellular defense mechanisms against a RMack by OH were not yet

discovered.

2.5. CONCLUSIONS

This study showed that the;BL/hv was as efficient as the photo-Fenton system (f2/Hv)

in significantly increasing the inactivation ratéthe enteric bacteria contents of the water
wells. The iron naturally present in the well watefluences the reaction mechanism of
H,0O./hv by favoring the photo-Fenton process. The efficyeaf the system §D./hvihatural
water in lab experiments under simulated solaratamh was confirmed in the field in PET
bottles showing a better inactivation rate tharf IFieO./hviatural water). Consequently, it
can be assumed that iron as the catalyst of theogFenton process is not necessary in high
concentrations to inactivate enteric micro-orgamsisifhe lower efficiency of the system
Fe?*/H,0,/hvinatural water may also indicate that an optimumceatration of iron for an
efficient photo-Fenton process exists. Indeed,ealr meutral pH (6.3), a part of added iron
salts precipitate and negatively affects the calod turbidity and light transmittance and

leads to a concomitant decrease in the disinfe@fbaiency. This result suggests the use of
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Sahelian Fe-containing region to perform a phototéie treatment of drinking water by

adding HO- only.

The fastest inactivation kinetic &almonellaspp. compared to that of the total coliforis/
coli in the water with the near-to-neutral pH (W2, @3) brings us to the assumption that
the pH can significantly influence the resistantehese enteric bacteria to photo-catalytic
inactivation The results have to be confirmed by further redgahowever in order to
establish the best disinfection process consideaihghe parameters affecting wild enteric

bacteria inactivation.
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3.1. INTRODUCTION

Microbial contamination of water sources by farmibgeeding and/or domestic activities in
developing countries, reduces the amount of auailadrinking water and increases
waterborne diseases outbreak such as dysentehwitlyand cholera, as recorded in these
countries (UNICEF and WHO, 2012). Therefore, thisra need to develop low-cost water
disinfection processes for rural and sub-urbansaf@sinfection is the process of removal of
the pathogenic microorganisms present in water. yM#gveloping countries are situated in
the latitude lines of 30°N and 30°S and receiveuaB600 to 3000 hours of solar illumination
annually. Solar disinfection of water (SODIS) wastfassessed in Beirut and afterwards in
other tropical regions (Meierhofer and Wegelin, 200McGuiganet al, 2011). SODIS
principles imply the synergistic effect of sunlighnd temperature on enteric bacteria
inactivation. Inactivation is a process which cststo the inhibition of biological activity of
an organism (e.g. bacteria) by the action of hekemical or other agent. As a result, SODIS
treatment is used by more than 4.5 million peoplenbre than 50 countries (Meierhofer and

Wegelin, 2002).

Researches on SODIS enhancement were focusedtbe (ise of black back bottles to speed
up increase of the temperature (Keladeal, 2001) either by using Pyrex bottles, instead of
glass or polyethylene terephthalate (PET) bottei¢rease UV-A radiation penetration, (ii)
increase oxygenation of the system through theatgit of the bottles before exposition
(Kehoe et al, 2001), (iii) the use of azo dyes as dosimetrididators to enhance the
photocatalytic process during the disinfection (@#aet al, 2011), (iv) the enhancement of

production of highly oxidant hydroxyl radicals (QHwhich increases the inactivation rate by
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the addition of a photocatalyst i.e. Bi@Rincon and Pulgarin, 2007a) op®% and iron salts
(Sciacceet al, 2010; Spuhleet al, 2010). In order to enhance the solar disinfecpmtess,
compound parabolic collector (CPC) solar reactaws baen operated with the addition of
catalyst (TiQ or iron salts) and/or oxidants {6&,) (Rincon and Pulgarin, 2007a; Bicleial,
2012; Ndounlaet al, 2013). Also, previous photo-disinfection treatmearried out under
solar exposure in a CPC suggested that the accteduladiation dose had a great influence
on bacterial inactivation rate (Ubomba-Jastval, 2009; Rodriguez-Chuee al, 2012). In
the present work we assume that as the natural watker treatment contains dissolved and
solid iron forms, the addition of J, will generate under solar light a homogeneous and
heterogeneous photo-Fenton system. Photo-Fentonglass dark Fenton reaction, was, in
the past, considered to take place only withiniagit values (Pulgarin and Kiwi, 1996; Cho
et al, 2004; Pignatelleet al, 2006). In these conditions the dark Fenton reactEqgs. 3.1-
3.2) is limited by the low kinetic of Eéproduction (Eq. 3.3) (Bandagt al, 1997; Herrarat

al., 1998; Pignatellcet al, 2006). High production rates of additional*Fand OH are
generated during the photoreduction of ‘Feomplexes in the solution (Egs. 3.3-3.7). The
primary step of the photoreduction of dissolvedifeiron is a ligand-to-metal charge-transfer
(LMCT) reaction. F&-complexes undergo LMCT excitation to give’Fand an oxidized
ligand, Lox (Eg. 3.3). At acidic pH, hydroxyl radicals (OQrand Fé&" are produced from Fé
aquo-hydroxy-complexes (Fe(OH) Fe(H0)*"), which absorb light in the UV/visible region
(Egs. 3.4-3.5) (Herrarat al, 1998; Pignatelleet al, 2006; Malatcet al, 2009; Vedrennet

al., 2012). Nevertheless, photo-Fenton treatment wesessfully evaluated at near-to-neutral
pH (Sciaccaet al, 2010; Carraet al, 2012). Indeed a part of the natural organic matte
(NOM) complexes F& and maintains it in solution. When a natural watmple containing
Fe-NOM complexes is photo-irradiated, the®*Fés reduced to Fé and the NOM is

oxidized (Eq. 3.6) . For example, the photolysis f#*-NOM carboxylate or F&-
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polycarboxylate complexes through LMCT reactiomde to the formation of Be which is
introduced in the photo-Fenton cycle and the cont@rhoxidation of the organic ligand (Eq.

3.6-3.7), (Malatcet al, 2009; Vedrennet al, 2012; Rodriguez-Chueed al, 2013).

Fe' + H,0, —» FE" + OH + OH k=53-76 Ms* (3.1)
Fe™ + H0, —» FETHO, + HY k=1-2x18M's* (3.2)
Fe*(L)n + hv— FE (L)n1 + Lox (3.3)
Fe(OHY* + hv— F&* + OH (3.4)
Fe(HO)*" + hv— F&" + OH + H' (3.5)
Fe*-(NOM)y, + hv — Fe*-(NOM) .1 + NOMgy " (3.6)
R-OOC-F&' +hv— Fé* + R-CO0 - F€'+ CO, + R (3.7)

In presence of irons oxides as is the case in theenwunder study in this work, the
heterogeneous photo-Fenton system could also bsidevad. This heterogeneous action
could take advantage of the indiscriminant sideocophransport system present in bacteria.
The siderophore is a molecular receptor that bamktransports iron (Neilands, 1995; Stintzi
et al, 2000). Their impact on the heterogeneous photaefesystem could proceed from the
fact that: (i) the siderophore and®Fenter the bacterium together leading to interreaitén
reaction (Stintziet al, 2000; Spuhleet al, 2010), (i) a ligand exchange step occurs in the
course of the transport and (iii) the implementatod the photo-Fenton reaction due to the
semiconductor action of some forms of iron oxidaturally present in water. (Mazilkt al,

2010).

Several studies on solar and photocatalytic distida efficiency have been reported uskhg

coli K12 in lab (Spuhleet al, 2010; Rodriguez-Chueaat al, 2012) and at field scale with
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natural water (Rincon and Pulgarin, 2007a; Ubondswaet al, 2009; Polo-Lopezt al,
2011a). HoweverE. coli was determined to be not always an appropriatecatat for
bacterial inactivation monitoring, due to its higénsitivity to photo-inactivation (Bernest
al., 2006; Sciaccat al, 2010). Recently, some authors have evaluateceti@ency of
photo-Fenton on the inactivation of several micgamisms (Sciaccat al, 2011; Bandalat
al., 2012; Michaelet al, 2012; Polo-Lopezt al, 2012; Rodriguez-Chueaat al, 2013).
Sciaccaet al. (2011) have reported that photo-Fenton disinfectibwild total coliforms and
Salmonellaspp. in natural water containing NOM (turbidityd®1000 NTU (Nephelometric
Turbidity Units)) was not efficient. This ineffiarey was due to the consumption of thgOb
by the NOM. It is a need before intending to adslrése photo-Fenton disinfection of
drinking water to human consumption to evaluatdfitiency on disinfecting bigger volumes
of natural clear water of turbidity less than 30UNTas recommended in SODIS references

(Meierhofer and Wegelin, 2002).

Most wells intended to drinking water collectiorneasituated in agricultural areas in the
Sahelian region. Individual wells in agriculturaleas throughout the world specifically
contribute to nitrate-related toxicity problems anmttate levels in the well water often exceed
50 mg/L (WHO, 2011b). The photochemical reductiémitrite or nitrate and the chemical
oxidation of ammonia are the most involved pathwdysing the interconversion of the
nitrogen compounds in natural water. Some authaege hreported that upon sunlight
irradiation of natural waters in presence of humibstances, nitrate and nitrite salts are
produced and reactive oxygen species (ROS) arergjede(Kotziaset al, 1987; Fanning,
2000). Nitrates in the soil are from various orgjiit could be from humus degradation, fresh
or composted natural organic matter that is usededsizer or from nitric nitrogen of
chemical fertilizers. The infiltration of nitrat@s wells’ water can induce high concentrations,

even greater than the restrictions of the World ItHe@rganization (WHO) guidelines for
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drinking water (50 mg/L). The toxicity of nitrat® thumans is mainly attributable to its
reduction to nitrite (WHO, 2011b). The health rigkated to excess nitrate in drinking water
is mostly related to its transformation (oxido-retion), which can lead to more toxic
compounds, such as nitrite and nitrosamines. Nitrises are formed by the combination of
nitrite or nitrate with amines or amides. Most béin are classified as carcinogenic by the

WHO. The WHO guideline for nitrite in drinking watis less than 3 mg/L (WHO, 2011a, b).

Moreover, the term ammonia includes the non-ionigéHis) and ionized (NE) species.
Ammonia in the environment originates from metafyadigricultural and industrial processes
and from disinfection with chloramine. Natural |&/én groundwater and surface water are
usually below 0.2 mg/L, while anaerobic groundwsteray contain up to 3 mg/L. Farm
animals excreta lead to higher levels in surfaceemwammonia in water is an indicator of
possible bacterial, sewage and animal waste pofiuffaste and odor problems, as well as
decreased disinfection efficiency, are to be exqeedt drinking-water containing more than
0.2 mg/L of ammonia. Toxicological effects are alesd only at exposures above about 200
mg/kg body weight. Ammonia in drinking-water is naft immediate health relevance and
therefore no health-based guideline value is prepo$WHO, 2003; Wenget al, 2011;
WHO, 2011a).The current study aims mainly to euauthe contrasting effect of solar
radiation parameters (Irradiance vs. Dose) on ti@ency of photo-disinfection of wild total
coliformsE. coliand Salmonellaspp. under the addition of,8, in a natural drinking water
source containing dissolved a solid iron forms. Hwaluation of the impact of different
irradiances and doses was carried out followingssd\exposure sets of the water sample in a
CPC solar reactor, during different day times. Tévaluation could suggest a schedule of the
most favorable day periods which could be propdseithe users, if the vulgarization of the

processes is considered.
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Considering the impact of the pH on the efficienay the photo-disinfection and the
proximity of the studied wells with agriculturaleas, the monitoring of the variation of pH,
NH;", NO;~ and NQ~ during the photo-treatment will be follow in thésudy in order to
evaluate the impact of these parameters on theoghsinfection treatment and vice-versa as

well as the possible formation of the health relatsinfecting byproducts.

3.2. MATERIALS AND METHODS

3.2.1. CHEMICAL REAGENTS

Hydrogen peroxide, 30% (AnalaR Normapur, VWR) wasdito prepare the Fenton reagent.
Hydrochloric acid fuming (HCI), 37% (Fluka Analyéil; SIGMA-ALDRICH®) was used for
glass-reactor cleaning. HACH specific reagents wesed for total iron, nitrite, nitrate and
ammonia detection. Microbiology Chromocult ® (Mer&GaA) was used for bacterial
plating. Growth media was poured in pre-sterilifstri Dish; 92x16mm (Sarstedt AG) for

bacterial enumeration.

3.2.2. ANALYTICAL METHODS APPLIED FOR MEASURING THE PHYSICAL
PARAMETERS OF WATER

A Universal meter WTW 340i equipped with a WTW Sexd1-3 probe was used to measure
the pH and temperature (T°C). The concentrationHgfirogen peroxide (+D,) was
monitored during the experiments via Merckoquantoxiee analytical test strips (Test

Peroxides, Merck Merckoguant), while detection timas 0.5 mg/L.

The HACH DR/2000 spectrophotometer methodologiesdus this study to characterize
some physico-chemical properties of the water sarfgllows the guidelines of the Standard
Methods for Examination of Water (HACH, 2001). Twater turbidity was evaluated with

the program 750 (wavelength 450 nm) and the deteatanges were between 0 to 450

NTU/FTU (Nephelometric turbidity units/ Formazin fbudity Units). The nitrate (N®)
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contents was determined with the High Range (HRyim@m 355 or the Cadmium Reduction
Method (NitraVer 5, Nitrate Reagent Powder Pillamgvelength 500 nm) and the detection
ranges were between 0 to 30.0 mg/L NR. The program gives the results as the
concentration of (X) N@ in N (nitrogen) contents of the sample (N®) and the exact
concentration of N@ in the water was calculated using the HACH Spe€iesversion
Factors (SCF) specific for each component and pragiThe SCF of NN is 4.427mg/L,
then NQ = X*4.427 mg/L. The nitrite (N@) contents was determine with the Low Range
(LR) program 371 or Diazotization Method (NitriV&r Powder Pillows, detection ranges
between: 0 to 0.300 mg/L NGN), for wavelength 507 nm. As for the calculatiminnitrate,
nitrite is subject to a SCF number (3.284), thenekact determination was through the
calculation N@ = X'*3.284 mg/L. The ammonia (NH) concentration was evaluated with
the Nessler Method program 380 for wavelength 425and detection ranges between (0 to
2.50 mg/L NH3-N). The result was of NH4oncentratiorin N contents in the water was
obtained after the calculation with the ammonia $SCE88), NH4 = X"*1.288 mg/L. X, X’
and X’ was the number read on the spectrophotome®{2000 during each specific
measure; the results presented in this paper are@vbrage for each components recorded
upon the experiments (HACH, 2001). On site at Odaggou (2iE), with the HACH process,
the dissolved total iron content of the water sawshs determined by the FerroVer Method
(Powder Pillows), program 265, wavelength 510 nmh #re detection ranges were between 0
to 3.00 mg/L. Further at Lausanne (EPFL) the slidl iron (iron oxides) was evaluated with

the ICP-MS spectrometry, with sensitive detectiamtlranges (0.1-0.9g/L).

3.2.3. WATER SAMPLE CHARACTERISTIC

The experiments presented in this study were chroet from February to March 2011
(dry/summer season) in Burkina Faso. The water ksmmnwere collected from a family well

of Tanghin district of Ouagadougou. Ouagadougdodated at 12°21'26" of Latitude North
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and 1°32'7" of Longitude West and the experimengewconducted at the site of 2iE
Foundation. This location is subject to approxinya®500 hours of solar radiation per year
(Kenfacket al, 2009). Then it could be considered as a goocediacthe experimentation of

solar and photo-Fenton disinfection of drinking eatTable 3.1 presents the initial

concentration of some relevant physico-chemicalampaters of the water and the
microorganisms considered during the disinfectisacess. Sampling was performed one
hour before the experiments. For the laboratoryesrgents, it was collected in 1.5 L PET

bottles, while for field experiments; plastic jeans of 20 liters were used.

Table 3.1: Some characteristics of the wells water sample wkethg the

experiments

Parameters Contents
Turbidity 5+ 3NTU
pH 5.4+0.1
Temperature 29+ 0.1°C

Disolve total iron 0.07+£ 0.02 mg/L
Solids total iron 0.23+£ 0.01 mg/L
wild E. coli 10' CFU/mL

Wild Salmonellaspp 10° CFU/mL

NTU=Nephelometric Turbidity Units, CFU/mL=Colony Foing Unit per milliliter, °C=Degre Celsus,
mg/L=milligram per liter

3.2.4. LABORATORY EXPERIMENTS UNDER SIMULATED SOLAR RADIATION

To evaluate the effect of B, concentration on the photo-Fenton inactivating,r80 mL of

the sample were introduced in 8 glass reactors00f hL each containing different.8,
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concentrations (0, 2, 4, 5, 6, 7, 8 and 10 mg/ld)aere irradiated in a solar simulator (Hanau
Suntest). The radiation intensity applied for lahie experiments was 560 Wni32 W.ni?
in the UV-A) which is the average UV-A delivered Byn light in Ouagadougou during

summer times (Kenfacét al, 2009; Sciaccat al, 2011).

To evaluate the bacterial inactivation rate, 1 mithe sample was taken at time intervals (O,
10, 20, 30, 45, 60, 90, 120, 150, 180, 240, 300, rat) during the experiment (6 h) with a
sterile 5 mL syringe connected to the reactor alaten in a sterile 1.5 mL Eppendorf
microtube. From this 1 mL, 100 pL were sampled podred in a Petri dish plate containing
growth media (Chromocult agar). Plates were incedbdbr 18 -24 h at 37°C and bacteria
were counted with a colony counter (Stuart SC6 @plGounter). Specification and use as
well as plating and counting with Chromocult agawé been described before (Ndouata

al., 2013).

The final treated samples were kept in the darkbmterial regrowth assessment after 24h,
72h and a week. To ensure the residual effect @fRbnton reaction in the treated water
during the storage, the samples were kept in thew#hout removing their remaining J9-.
This residual content was measured every day duhiegstorage for the evaluation of its
decay in the water before its possible consumpiitve. experiments were repeated five times

to ensure reproducibility.

3.2.5. FIELD EXPERIMENTS UNDER DIRECT SOLAR RADIATION

Field experiments were conducted under solar riadiat a solar CPC with 25 L of well water

at constant flow (2 L/min).

From the results of the determination of the optedi concentration of 4D, to be used
efficiently in drinking disinfection by photo-Femtpevaluated at lab scale in the Suntest, the

concentrations from 5 to 10 mg/L has shown appratehy the same inactivation rate.
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Preliminary experiments were conducted at fieldesedth 5 mg/L of HO, added on the
water sample. Unfortunately the,®L concentration in this case, in contrast to théiktya
noticed at lab scale, was degraded certainly dukigb fluctuation of water in the CPC,
which increased the oxygenation. This fast degrexdtas lead to total consumption ofC
after only 3 to 4 hours of exposure. In order tesuza that there is @, left after the
disinfection process (6 h), to ensure the residefééct of the Fenton treatment, the
experiments presented in this paper were carri¢dvah 10 mg/L of HO,. The remaining
H,0, in the treated water, when 10 mg/L was used, 2 tog/L; however the continuous
evaluation of it persistence in the treated wates permitted to record that it was depleted

totally after 48 hours.

Control experiments were carried out on samplebBawit added bD,. The efficiency of both
photo-disinfection process (SODIS and photo-Fentam)s evaluated during three different
time period of 6 hours: (i) 8 am to 2 pm (8-14h), X0 am to 4 pm (10-16h) and (iii) 12 pm
to 6 pm (12-18h). The samples were subject to #reation of: (i) water temperature, (ii)
instantaneous irradiation (irradiance) (Wmand (iii) cumulated global radiation (dose)
(Wh.m?). Blank tests took place in the dark, a 100 mL iam also containing 4D,.

Experiments were repeated three times to ensuredegbility.

The batch photoreactor (Fig.3.1) used in this stwdg a Compound Parabolic Collector
(CPC): SOLARDETOX ACADUS-2003 device model delivereoy Ecosystem SA,

(Barcelona, Spain). It has a useful expositionamafof 2.12 M out of a total surface of 2.54
m®. The photoreactor active volume was 15.1 L withirtotal volume of 16.07 L and a
working volume between 18 L and 50 L. It is madel6fborosilicate cylindrical glass tubes
of 32 mm diameter, 1.5 m length and 1.4 mm of witlihough which water is circulating and
exposed to solar irradiation. Tubes are disposedl@minum cylindro-parabolic mirrors in

such a way that the distribution of the UV irradiatby the mirrors is equal around the tube
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circumference. This configuration implies no ligtdncentration, but allows working with
diffuse light. A polypropylene stirring tank of 30 is connected in series with the CPC
module and constitutes a re-circulating tank. Hemice pilot plant behaves as a plug-flow
reactor in which water is circulating using a céatral pump with a flow of 24.2 L.mih The

reactor is mounted on a two-position fixed platfomclinable at 10° and 35° allowing
operating at the approximate local latitude of CGagiyigou-Burkina Faso (12.2° N), at 10°
angle position for the most of the time. The sdlar radiation was reported during the
experiments by a UV-A radiometer ACADUS 85 UV fixed the CPC photoreactor at the
same inclination of 10°. Solar irradiance intensitgr square meter (W:fh was then

monitored between 300 and 400 nm.

(a) Tank:(501) (b) Radiometer

Figure 3.1. The schematic (a) and physical (b) representatibrthe compound
parabolic collector (CPC) solar reactor

3.2.6. DATA ANALYSIS

The Effective Disinfection Time (EDT), which is thteme (h) required to get the total

inactivation in water of a targeted bacteria inimed conditions (Rincon and Pulgarin, 2004b)
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will be used for the comparative study on the ieflce of the irradiance on the bacteria

inactivation rate.
Al: Average irradiance during the EDT (W7n (8)
Dose for total inactivation = A*EDT (Wh.i9). (9)

The evaluation of the impact of the,® concentration and the bacteria species on the
efficiency of the enhanced-photo-disinfection wamsducted by an analysis of variance
(ANOVA). This analysis was carried out withe two-way ANOVA Package of the
Wolfram Mathematica 8.0 program. The determinatbrthe discriminating power (Fisher
ratio (F)) of the HO, or the bacteria species on the inactivation raliepsrmit to point out

the significance of each of these parameters omphio¢o-disinfection process. The accuracy

of the results will be evaluated by the noise I€Rebbability (P)).

3.3. RESULTS AND DISCUSSION

3.3.1. LAB EXPERIMENTS IN A SOLAR SIMULATOR: INFLUENCE OF H:0:
CONCENTRATION ON BACTERIAL INACTIVATION

The temperature of the water in the Suntest inegkadsom 28°C to 45°C during the
experiments. It is well know that temperature abadl®C has a bactericidal effect
(Meierhofer and Wegelin, 2002). According to thiscan be assumed that the bacterial
inactivation obtained in the Suntest was not dughéthermal effect of IR irradiation. The
studied well water already contained dissolved:ifbA7+ 0.02 mg/L of Fé *" and solid iron
oxides: 0.23+ 0.01 mg/L, hence the additional reagequired to induce the photo-Fenton
reaction is only KHO,. Adsorption of bacteria to iron oxides was recdrde MilliQ water
(Spuhleret al, 2010). This adsorption favors the siderophora transport action (Stintzat
al., 2000). In such conditions, heterogeneous photaefereaction can take place leading to

bacterial inactivation (Moncayo-Lasse al, 2008b; Mazilleet al, 2010). Spuhlert al.
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(2010) have conducted experiments of photo-disiifec of E. coli suspended in MiliQ
water, with 0.6 mg/L of iron F&° ** and 10 mg/L of KO, added in corresponding systems
(Fe/HOo/hv or HO./hv) before the exposure to irradiatiomv). For this systematic
disinfection in MilliQ water, the inactivation ratef the E. coli in the photo-Fenton system
(Fe/H:O./hv) recorded, was significantly higher than the ohthe system enhanced with sole
H,0, (H.OJ/hv). Afterwards, Ndounlaet al. (2013) carried out the photo-disinfection of
natural well water with an initial dissolved toiabn content of 0.07 £0.02 mg/L by adding
(0.6 mg/L of F&" and 8.5 mg/L of KO,) on similar system (Fed®,/hv or H,O-/hv). For this
natural water, similar inactivation rate was reeardor both systems for the disinfection of
wild E.coli and Salmonella spp. leading to the agstion that even in presence of low
dissolved iron contents, the Fenton (Eqg.3.1-3.2) photo-Fenton (Eq.3.3-3.7) reactions,
could take place with the contribution of solidnroxides present in the water. They are
efficient for bacterial inactivation via a heterogeus photo-Fenton process (Moncayo-Lasso

et al, 2008b; Mazilleet al, 2010).

To ensure the quality of treated wateryGn concentrations in the photo-Fenton process
should be optimized for natural water source (Kekfat al, 2009; Malatoet al, 2009;
Sciacceet al, 2011). For this reason this part of the studysaimevaluate the minimal.B,
concentration which could be used for significaminking water disinfection by photo

Fenton.

The influence of KO, concentration on the photo-Fenton inactivatior riat presented on
Fig.3.2 Trace W), representing the disinfection conducted withdwD,, showed the lower
inactivation rate for both enteric bacterial spsof@almonellaspp., coliform<£. col)). The
inactivation rate constant k, presented in Tablke 8onfirmed the effect observed on the
curves, with k=-0.0080.002 and -0.005+0.001 for coliformsE. coli and Salmonella

spp., respectively. These inactivation rates haasttally increased in both cases in presence
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of H,O,. With only 2 mg/L of HO, (Trace @)), more than 50% increase of the inactivation
rate was noticed in both cases with respectiveh846+0.003 and k=-0.083+0.002 niin
for coliformsk. coli and Salmonellaspp. Beyond 4 mg/L of #D,, the Salmonellaspp.
content of all the systems was totally inactivaitedpproximately 90 min. The inactivation
rate of coliformdE. coli and Salmonellaspp., as presented in Table 3.2, underline thet th
were greater than the correspondent ones, undeulaged solar light alone. The high
sensitivity of Salmonellaspp. here is in contrast with the report of sdvewsthors on
treatment under direct solar radiation. Bermyal. (2006) and Sciaccat al. (2010) have
noticed thatSalmonellaspp. was more resistant to photo-inactivation tBaroli and other
enteric bacteria. The inactivation rate constantafformsk. coli observed for 5 and 10
mg/L of H,O,, were approximately the same, being k=-0.032+0:001' and -0.034+0.001
min™. The first order kinetics decrease in CFU/mL whsesved in the curves of both enteric
bacteria treated by photo-Fenton with up to 4 maf/H,O,, then k was calculated by linear
regression (Spuhleat al, 2010). Fig. 3.2 shows that control experimentage ()) that took
place with 10 mg/L of kD, in dark did not lead to enteric bacteria inaciwat Post-
irradiation evaluation after 24 hours of dark sgrdnas revealed the regrowth of both enteric
bacteria in the water, after their exposure to rselanulator, in absence of,8,. Only
Salmonellaspp. regrowth was observed in the water illumicate presence of 2 mg/L of
H,0,. Beyond 4 mg/L of KO, none of the enteric bacteria has shown regrofén photo-
treatment. It could be assumed that treated watderua solar simulator, with concentration
of 4 mg/L of HO,, ensures not only efficient inactivation of thetegit bacteria, but also

prevents the subsequent regrowth.
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Figure 3.2: Inactivation kinetics of the wild enteric bacteé natural well water containing natural
iron (dissolved: 0.07+ 0.02 mg/L OF £&* and solid iron oxides (0.23+ 0.01 mg/L) treatedtwi
different concentrations dfi,O,. (a) total coliformsE. coli, (b) Salmonellaspp.(l) 0 mg/L hv, (®)

2 mg/L hv, (A) 4 mg/L hy, (V) 5 mg/L hy, (O) 6 mg/Lhv, (") 7 mg/L hv, (A) 8 mg/Lhy, (V) 10
mg/L hv and ¢) 10 mg/Ldark.

Table 3.2 inactivation rate constant k [t of the enteric bacteria present in water
treated by photo-Fenton with simulated solar radimatat dfferent HO, (mg/l)

concentrations.
Microorganisms H,O, [mg/L] & k [min]
0 2 4 5 6 7 8 10
E. coliand
Coliforms -0.008+0.002  -0.016+0.003  -0.022+0.003  -0.032+0.0010.028+0.002  -0.029+0.001  -0.029+0.001  -0.034+0.00

Salmonellaspp. -0,005+0.001  -0.083+0.002  -0.063+0.002  -0.120+0.0020.119+0.001  -0.117+0.003  -0.142+0.003  -0.160+8.00

The discrimination power (Fisher ratio (F)) obtalnBfom ANOVA analysis for the
evaluation of the impact ¢1,0, concentration on the photo-Fenton inactivatior ratup to
51.5, leading to the evidence that this concemindtias a strong impact on the process with a
very small probability (P < 0.001%) that the effechy be due to noise (Table 3.3). The
bacteria species, either wild. coli or Salmonellaspp., did not significantly influence the
inactivation rate under the photo-Fenton disinfattas shown by the low Fisher ratio (F =
0.11). The probability that this effect is due tmse is very large (P=74%). With an influence
factor of 6.1, the interaction between the treatmesrd bacteria type seems to have just a

slight impact on the photo-Fenton disinfection rate
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Table 3.3 results of the two way analysis of variance betwématment/bacteria

species
Parameters DF SS MS F P
Treatment 7 399154 57022 51.51 0.001%
Bacteria species 1 119.83 119.83 0.11 74%

Treatment /Bacteria 7 47703.9 6814.84 6.1 0.01%
Error 76 841275 1106.94 - -

Total 91 531105 - - -

DF: Degree of Freedom, SS: Sum of Square, MS: Meprare, F: Fisher factor, P: probability.

3.3.2. FIELD SCALE EXPERIMENTS IN A CPC SOLAR REACTOR

3.3.2.1. TREATMENT UNDER SOLAR IRRADIATION ALONE

The photo-disinfection of both enteric bacteriaemdniquely solar radiation from 8 to 14h is
presented on Fig.3.3-a. The total coliforens¢oli strains (Fig.3.3-a., trace)() were totally
inactivated after the first three hours of exposuhen the average irradiance was 20 W&.m
(Fig.3.3-a’ trace {)) for a accumulated dose of 120 WH.nfFig.3.3-a’ trace {)). The
Salmonellaspp. strains (Fig.3.3-a., trac®)) resisted till the fifth hour of exposure (dode o

250 Wh.n¥) with an average irradiance (Al) of 20 W?rand then were totally inactivated.

For the experiments conducted from 10 to 16h, #posure began when the sun irradiance
(Fig.3.3-b’ traces«)) was three times higher than the one measurech \staeted at 08:00.
For Salmonellaspp. (Fig.3.3-b., trace®)) the fast temperature increase from 29°C to 46°C
less than one hour and half (Fig.3.3-b’, trax$) (coupled to average irradiance of 32 \W.m
(Fig.3.3-b’ traces)) during the 3h, required for total inactivatidedT), led to a cumulated

energy of 200 Wh.ii Compared to the previous period (5h with a dds250 Wh.n¥), the
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Salmonellaspp. were totally inactivated here in 3h for aglo200 Wh.rf, but at higher Al
exposure. The total colifornts/ coli (Fig.3.3-b., trace(()) were completely inactivated in 30
min before theSalmonellaspp. Regrowth oSalmonellaspp. were also observed in this case
as in the previous one during the post-irradiatiests (Table 3.5). Considering that the
temperature level remained also below 50°C here, ithpact of temperature on the

inactivation process was not significant.

In experiments carried out from 12 to 18h, the agerirradiance (37 W.H) available at
noon (Fig.3.3-c’ trace—)) together with a fast temperature increase fr@&ia244°C in one
hour (Fig.3.3-c’ traceX)) drastically affect the total colifornts/ coli concentration, leading
to their total inactivation in 90 min (Fig.3.3-ttace (0)). However, the sudden decrease of
irradiance to 18 W.if after the first hour of exposure negatively afeitteSalmonellaspp.
inactivation (Fig.3.3-c., trace®)) even though the cumulative dose was still insirea
(Fig.3.3-c’ Traces¥)). Indeed, after a slight decrease noticed ab#gnning of the process,
Salmonellaspp. has remained stable at approximately @BU/mL till the end of the
experiment (6h). The resistanceSdImonellaspp. to sole solar photo-disinfection, when the
irradiance is low is significantly noticed here bla 3.5) and confirmed the observation
reported by Berneyt al. (2006) and Sciaccat al. (2010). These results point out that
irradiance and temperature are more crucialSalmonellaspp. than for total coliform&/

coli during solar treatment in a CPC.

The synergy between the irradiance (related to 0¥ asible part of sunlight) and thermal
action (T°C) (related to infrared rays) has leatbdth enteric bacteria inactivation as already
noticed by several authors (Meierhofer and Wegetif02). However,Salmonellaspp.
regrowth occurred after 24 hours of dark storageafbthe illumination periods and for the
samples taken at 90, 120, 150, 180, 240, 300 a@d36. Therefore, it can be assumed that

to ensure a lethal impact in solar disinfectionsath resistant strains in a CPC reactor,
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temperature up to 50°C is required, as recommemye&ODIS reference for 1-2 liters.
However, the weather variation can’t always ensueh conditions, even in the Sahelian
region, as it can be observed with the irradiargetdations presented by the trace$ ¢f

Fig.3.3-(a’, b’, ¢). The crucial impact of the aléle irradiance on the photo-Fenton

disinfection of natural water will be addressedhia next part of this paper.

3.3.2.2. ENHANCED PHOTO-DISINFECTION BY ADDITION OF H:0: IN WATER
CONTAINING NATURALLY DISSOLVED AND SOLID IRON FORMS

For this part of the study, the disinfection ofurat well water in a CPC solar reactor was
preliminary tested at field scale with 5 mg/L of®4 as explained in the methodology section
2.5. However, it was noticed that during these iprielary runs that KO, was totally
consumed after 3 - 4 hours of irradiation. Thisstonption was probably due to intensive O
supply by water recirculation in the CPC into téas simulator. Indeed, 40, degradation is
favored by Q@ concentration. Oxygen associated to photosenstiiee. NOM) present in
water led to reactive oxygen species (ROS) gemergfReed, 1997; Kehoet al, 2001),
increasing HO, consumption, following the reaction presented gs.E3.10 -3.12 and the
Haber-Weiss reaction (Egs. 3.13-3.14) (Pignatetlal, 2006; Malatoet al, 2009). In order
to ensure that there is,8, left after the disinfection process, additionapesments were
carried out with 10 mg/L of D, initial concentration. The remaining,®, after the
treatment was enough to ensure a residual effeahglthe dark storage (24 hours).
Experiments performed with 10 mg/L ob®; lead to a remaining 4, concentration of 3 - 4
mg/L after 6 hours of irradiation. This residuaidd could possibly ensure the Fenton activity
in presence of the dissolved and solid iron ofvitager in the dark. Fig. 3.3 (a, b, ¢), shows the
inactivation of wild enteric bacteria (open symbfastotal coliformsE. coliand full symbols
for Salmonellaspp.) contents of the natural wells water in tRRCQluring different periods of

the day and different disinfection experimentallfgi Direct solar radiatiornyg) (O, @), H,O,
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enhanced photo-disinfection @&H.0./hv) (CJ, B) and the dark Fenton (EéH,0./obg (A,

A). The initial concentration of the,B, added was 10 mg/L.

NOM + hv — NOM*+ ¢ (3.10)
0,+ € — Oy (3.11)
0,” + H > HO, (3.12)
HO, + H,0,— O, + H,O + OH (3.13)
0" + HOp— O, + OH + OH (3.14)

The decrease of both enteric bacteria ung€,ldnhanced photo-disinfection follows the first
order kinetic while under the uniquely solar illuration the curves presented a shoulder
leading to a concave shape (Meierhofer and Weg2li62; Berneyet al, 2006). Fig. 3.3 (a’,

b’, '), presents the evolution of water temperat(¢) [T°C], solar irradiance-) [W.m]

and cumulated total dose)(Wh.m?.

The Salmonellaspp. Effective Disinfection Time (EDT), or in ahet words, the required
time to achieve the total inactivation ®&lmonellaspp. in the water sample, was annotated on
the graphs of (Fig.3.3-a’, b’, ¢’). 10 mg/L oh,8, was added to the water sample to initiate
the photo-Fenton process, in presence of its rlainara contains of (dissolved: 0.07+ 0.02
mg/L of Fé" 3" and solid iron oxides (0.23+ 0.01 mg/L). We comfid the meaningful
contribution of the photo-Fenton process with thet that when natural water is diluted, 2-3
folds of the bacteria inactivation rate signifidgndiminished even if the amount of added
H,O, is kept at 10 mg/L (results not shown). Despite tow average irradiance (Al)
available, the photo-Fenton disinfection treatmeahducted from 8h to 14h led to an
enhancement of the simple solar disinfection of 38f4otal coliformsE. coli strain (Fig.3.3-

a., trace (1)) and of 40% for th&almonellaspp. (tracel)). The EDT of 180 min (3h) was
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noticed for the photo-Fenton inactivation $&lmonellaspp., for an Al of 20 W.fiand a
cumulated dose of 60 Whifr{Table 3.4 and Fig.3.4). Temperature increaseu 6 to 45°C
during the EDT (Fig.3.3-a’ TraceX]). The post-irradiation evaluation revealed thamen of
both enteric bacteria regrew during the subseq@émtours of dark storage (Table 3.5). From
these results it can be assumed that neutral ghetmsn does not need temperatures higher
than 50°C to disinfect efficiently as it is requirender sole solar illumination, in classical

SODIS applications (Meierhofer and Wegelin, 2002h8i et al, 2012).

An important enhancement on the enteric bacteaetivation rate of uniquely solar treatment
(10-16h) was observed, when the photo-Fenton tesatmas applied. An increase of 50% and
80% was respectively noticed fdBalmonella spp. (Fig.3.3-b., Tracel)) and total

coliformsk. coli (Fig.3.3-b., tracel(l)). This increase in disinfection rates, compa@dhe

one recorded in the experiments that took plaae 8do 14h, is probably due to the higher Al
available at the beginning of the process (28 W .hable 3.4). This leads us to suggest that Al
and temperature increase have a greater impadtan-genton than on solar irradiation only

for enteric bacteria inactivation.

The high Al (35 W.rif) recorded during the first 45 min (0.75 h) (EDM)the experiments
conducted from 12 to 18h, has led to total inatitveof Salmonellaspp. A dose of 26 Wh.fn
was accumulated during this EDT (Table 3.4 and3H4g. From all the Al and doses recorded
in Table 3.4 forSalmonellaspp., it can be noticed that high irradiances, imitnecessarily
high doses, are needed to get an efficient achiemewf inactivation (Fig.3.3-c. tracesl)
and @)) and durable lethal impact on enteric bacteriab(& 3.5) during the neutral photo-
Fenton treatment. The enhancement of total colis@mcoli inactivation rate by neutral
photo-Fenton compared to the one of the simplegdisinfection by solar light, during the
same illumination interval starting at 12h, was6@®6. Rincon and Pulgarin (2004b) have

reported a similar effect of the significant impast the irradiance during the T30
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photocatalytic disinfection dE. coli. In contrast, Ubomba-Jasve al. (2009) have reported
the significant impact of the dose during the sdiamfection in the CPC reactor for effective
E. coli K12 disinfection achievement. Nevertheless, sdismfection of the wild enteric
bacteria carried out in a similar reactor durings tistudy reveals that the irradiance
significantly influence the inactivation rate ofetlprocess (Fig.3.3. traceS)), (®) and ¢)).
The lethal oxidative action of the neutral photovféem on these enteric bacteria strains as
reported previously by several authors (Bandlal, 2009; Sciaccat al, 2010; Spuhleet

al., 2010; Ndounleet al, 2013) leads to the assumption that it could ieffitty disinfect the
Salmonellaspp. and other resistant strains to ensure thaisability of a CPC solar drinking

water treatment of higher volumes of water.

The membrane peroxidation by external ROS attackslyced by photo-Fenton, due to
natural dissolved and solid iron forms present atev and added 4D, leads to an increased
permeability and the disruption of the trans-membran gradients (Spuhlet al, 2010).
The microorganismHE. coli or Salmonellaspp.) death is related to the damages of their
nuclear constituents (DNA) by intracellular higid0S (HO,, O, , OH) generated after the
inactivation of their antioxidant enzymes (catatase superoxide dismutases,
alkylhydroperoxidase and thiol peroxidase) by thermal (temperature increase) and optical
(UV A and B) effects (Arenast al, 2011; Byrneet al, 2011; Polo-Lopezt al, 2012). The
iron liberated from the iron sulfur clusters ([4&8]) after the inactivation by UV (A and B)
of some clusters’ enzymes induced the intracellaéarton (Eq.1) in presence of® leading

to increase generation of highly reactive ‘ODH attacks on cellular DNA lead to
irreversible damages and consequently, to celkiveton (Jang and Imlay, 2010; Spuhér
al., 2010; Sobota and Imlay, 2011). Additionally, fteoto-degradation of humic substances

and nitrogen compounds in both photo-disinfectioeatiments leads to the additional
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generation of OH(E.q, 3.13-3.15) (Kotziast al, 1987; Fanning, 2000; Britet al, 2010)

which can contribute to the bacterial inactivation.

3.3.2.3. FENTON DISINFECTION (DARK EXPERIMENTS)

Enteric bacterial inactivation carried out in tharld (©bg, shows a limited decrease of their
contents during the whole experiment, as it co@ldbserved in all graphs of Fig.3.3., (traces
(A) and (A)), for total coliforms/E. coli andsalmonellaspp. respectively. The Fenton
(Fe/HO,/obg process was conducted in the dark simultaneowdly the photo-Fenton
(Fe/HO2/hv) ones. The significant effect of the illuminati¢imv) during the neutral photo-

Fenton disinfection observed in this study is higfited from these results.
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Figure 3.3. Inactivation under different day perioda, (b, 9 of the wild enteric bacteria of well
water containing natural iron (dissolved: 0.07+ D.tg/L of Fé"3* and solid iron oxides (0.23+
0.01 mg/L) and addition of 10 mg/L of,B,). (a’, b’, ¢’) evolution of water temperature ([T°C],
(X)), irradiance ([W.rif], (-)) and cumulated total dose ([Wh3h (+)) during the treatments. EDT
(photo-Fenton): Effective Disinfection Time foBalmonella spp. (time required for the total
inactivation ofSalmonellaspp. under photo-Fenton treatment). day time pkri@a’: 8-14h), bb’:
10-16h), €c’: 12-18h) total coliform#. coli () and Salmonellaspp. @) under photo-Fenton
(natural F&" 3H,0,/hv), total coliformsE. coli (©) and Salmonellaspp. @) under direct solar
radiation (natural F&3*hv), total coliformsE. coli (A) and Salmonellaspp. (&) IN the dark
Fenton (natural F&3*/H,0,/0bs).
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Table 3. 4:Influence of irradiance on the efficient disinfexst time and dose for the
photo-Fenton treatment &almonellaspp.

°Al[W.m?  °EDT[h] ‘°Dose [Wh.nf]

8h-14h 20 3 60
10h-16h 28 15 42
12h-18h 35 0.75 26

®efficient disinfection Time (time required to actéethe total inactivation in water of a target leaiet (e.g
Salmonellaspp. in this case)jAverage irradiance during the ED'Bolar cumulated energy during the EDT.

70 - 200
- 180
60, &
- 160
.20 1 - 140
NE —
< 40 - ] - 120 E
=3 - 100 =
$ 30 1 ¢ - 80 3
o = .
20 - - 60
BDose [Wh.m-2] L 4 - 40
10 7 ¢EDT [min] 50
0 T T T T 0
15 25 35
Al [W.m 7]

Figure 3. 4. Efficient disinfection time (EDT) [min] and dosequired forSalmonellaspp. Total
inactivation as a function of average irradiancd)(AW.m™] available, @) cumulated total dose
[Wh.m?], (¢) EDT (photo-Fenton) [min]: time required for thetal inactivation ofsalmonellaspp.
under photo-Fenton treatment.

3.3.2.4. DURABILITY OF THE DISINFECTION PROCESS: POST-IRRADIATION
EVENTS

The evaluation of the sustainability of the photsirdection in absence of J, was carried

out by the monitoring of post-irradiation eventhieTresults presented in Table 3.5 pointed
out that all the strains of total colifornis/coli have remained in their lethal state after 24
hours of dark storage while that 8almonellaspp. have recovered their culturability as

presented by their positive status. TEBEmonellaspp. regrowth could be due to the fact that
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the temperature did not rise up to 50°C, as recamdext for SODIS applications in bottles
(Meierhofer and Wegelin, 2002). The results of plost-irradiation regrowth observed (+) or
not (-) after the neutral photo-Fenton treatmem also shown in Table 3.5. No enteric
bacterial regrowth was observed after 24 h of dstdrage. This sustainability of the
disinfection is highly significant, as some of temples stocked in the dark for testing were
collected before the total inactivation of theiteic bacterial content, (cf. sampling periods in
Table 3.5 and graphics of Fig.3.3). Notice that #ifssence of bacterial regrowth observed
during the 24h of dark storage, was maintainednduthe subsequent 72 and 168 h (one
week). For water treated by simple direct solaratamh, only the total coliforms bacteria/
coli did not show regrowth during the storage. RegrouitBalmonellaspp. was observed in
all the samples (Table 3.5), after 24 h of darkagje. These results have confirmed the
resistance of th&almonellaspp. strain to simple solar disinfection treatmasitpreviously

reported by some authors (Berretyal, 2006; Sciaccat al, 2010).
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Table 3.5. Enteric bacterial regrowth evaluation (total cotifts bacterig. coli and

Salmonellaspp.), after the photo-disinfection and neutraltpkFenton treatments of natural

well water with or without HO, (10 mg/L) under direct solar light. The resultsrevsimilar

for all the illumination intervals (8 -14h; 10 -11612 - 18h).

Without H,O, (only direct solar radiation)

Sampling With 4@, (Photo-Fenton)
peri_ods Coliforms bacterid. Coliforms bacterid. Salmonella
(min) coll Salmonellaspp. coll Spp.

90 - + — —
120 - + - _
150 - + - _
180 - + _ _
240 - + _ 3
300 - + _ _
360 - + _ _

- no re-growth of bacteria even after one week + re-growth of bacteria after 24h.

3.3.3. PHEVOLUTION DURING THE IRRADIATION PROCESS

The evaluation of the pH variation during the phdisinfection conducted in this study,

showed an increase of 1.5 and 2.5 pH units ramgpectively, for solar treatment (without

H,0O,) and neutral photo-Fenton as presented in Fig.tBi® pH increase follows the same

tendency in all the times interval (8-14h, 10-16R;18h). The rising phase was recorded

during the first two hours with an increase frod 50 7.9 in almost all the photo-Fenton

treatments and 5.5 to 6.8 or 7.2 for the solartimeat. This rising phase was followed by a

stable phase in the new high pH values. This pirfease could be linked to several chemical

pathways in action in the treated water duringpgheto-disinfection. Some of these pathways

are (i) the degradation of bacterial nitrogen coomus, such as amino-acids and proteins,

producing alkaline by-products, (ii) the shifting the CQ-carbonate equilibrium by water

Juliette Ndounla Ph. D. Thesis

78



III. CHAPTER 3

heating and C@degassing, (iii) the photo-reduction of NGnd NQ™ in solution leading
OH production (Egs: 3.15-3.16) (Kotziast al, 1987; Fanning, 2000) and (iv) the
consumption of H or the generation of OHn the solution during, the Fenton and photo-
Fenton process as described in the equations 312, and 3.14, (Bandaret al, 1997;
Pignatelloet al, 2006; Malatoet al, 2009). This last mechanism could be the one itpgc
the higher pH increase noticed in the neutral pit@oton process, with regards to the one
observed in the uniquely solar treatment. The pldnge to alkaline during the photo-
disinfection could be useful to upgrade the ongioally acidic groundwater in Sahelian

region to the level 6.5 — 8 recommended for humansgemption by the WHO (WHO,

2011a).
NO3; + H,O +hv— NO, + OH + OH (3.15
NO, + H,O +hv— NO + OH + OH (3.16)
(a) 8 xXXXXXXXxX(b)S_ xXxXXXXxxx(C)S_ XXX X x
75 | X* 75 1 75 %
x X X0%®0 .0 .
7 I« ‘,,.0‘0‘0 7 - Ge®e0te, 7 et *%00t0
T oot T 000 & ¢ T .
Q_6,5 14 9_6;5 7*‘ Q_6r5 7
6 . 6 +solarligh 6 i
¢ Solar light . olarlg ¢ Solar light
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5 — T T T T T T T T T T 5 LN L I L L 5 —T T T T T T T T T T
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Time Imin] Time [min] Time [minl

Figure 3.5. Variations of pH during the disinfection by soldght exposure and neutral photo-
Fenton of total coliforms bacterid/ coli and Salmonellaspp. Recorded at different day time’s
intervals: (a) 8-14h, (b) 10-16h and (c) 12-18h.

3.3.4. NITRITE, NITRATE AND AMMONIA VARIATION DURING THE
TREATMENT

The concentration of nitrogen components was deteanduring both photo-disinfection

treatment trials. As presented in Figure 3.6, isealoe (solar treatment) or presence gdH
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(photo-Fenton), the rise in NOand NQ™ concentration was recorded and concurrently the
decrease in NI concentration was also noticed. The photochemigliction of NG in
natural waters leads to NO OH’, and OH, while that of N@ leads to NO, OHand OH

(Eq 3.15-3.16) (Kotziast al, 1987; Fanning, 2000). However, the WHO reporesded that
the presence of the ammonium cation in raw watey reault in drinking-water containing
nitrite as the result of catalytic action (WHO, 200Brito et al. (2010) have proposed a
pathway of ammonia photo-oxidation by Olg¢ading to NG and NQ™ generation (Eg.
3.17). Hence, the variation recorded during theeexpents could be attributed to these
oxido-reduction interactions. The generation oftiighly oxidant OHwill not certainly react

only towards ammonia oxidation but could also wee on bacteria inactivation.

NH,;" < NH3 + OH — NH,OH — NOH — NO — NO, < NO3;~ (3.17)
35 7 Ammonia 0,25 Nitrite 84 1 Nitrate
3 - H Before 82 A
0,2 -
) B After ' M Before 80 W Before
=N
015 - B After 78 1 W After
21 d ! = 76 -
3 ) 3
€15 - € 01- €74 -
72 A
1 -
0,05 - 70 -
0,5 - 68 -
0 - 0 - 66 -
Solar Treatment Neutral photc Solar Treatment - Neutralphoto Solar Treatment Neutral photo-
Fenton treatme Fenton treatme Fenton treatme

Figure 3. 6. Evolution of Ammonia, Nitrite and Nitrate conceation during the neutral photo-
Fenton and sole solar treatment of natural well ewatnotice that the difference in the initial
concentration of each chemical component in theilitsspresented here are related to the fact that
new water sample was collected and used for eashaxperiment).

The World Health Organization (WHO) classifies anmiacas an esthetic quality component
without a direct importance for health in the cartcations regularly recorded in natural
drinking-water. Therefore, no health-based guidelas been prescribed for it. The initial

concentration of the nitrates followed in this studias higher than that of the health-based
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guideline for drinking water recommended by the WO mg/L). During the applied photo-
Fenton treatment in this study, increased nitrdacentrations remain far below the health-
based ones recommended by the WHO norms for dgniwater, of maximum 3 mg/L
(WHO, 2003, 2011b). When nitrate levels in drinkimgter exceed 50 mg/l, drinking-water
will be the major source of total nitrate intakepecially for bottle-fed infants. The major
biological effect of nitrite in humans is its invelment in the oxidation of normal
Hemoglobin (Hb) to Methemoglobin (metHb), whichthen unable to transport oxygen to the
tissues. The reduced oxygen transport becomescallyni manifested when metHb
concentrations reach 10% of normal Hb concentratiand above; the condition, called
methaemoglobinaemia, causes cyanosis and, at hegineentrations, asphyxia. The normal
metHb level in humans is less than 2%; in infamdas 3 months of age, it is less than 3%.
However, high nitrate concentration, above 100 miylan important cause of metHb
formation (WHO, 2011b). Considering health riskatel to high nitrogen components
presence in drinking water (methaemoglobinaemig&aorcer) (Wenget al, 2011), further
research should be conducted to intensively moamarstudy the mechanism of its formation

and persistence in the photo-treated water.

3.4. CONCLUSIONS

The photo-disinfection of natural well water was@ssfully carried out at real scale in a
solar CPC reactor under several time intervals @b6rs (8-14h, 10-16h, 12-18h). 25L of
water were treated with &, which generate in-situ the photo-Fenton systeaOghhatural
F&™ 3hv) or (uniquely solar radiation). All the samplegated without KO, addition
showedSalmonellaspp. regrowth after 24h of dark storage. The t&st® of theSalmonella
spp. strain to uniquely solar disinfection treatimemas recorded. The J@, addition has
significantly enhanced the inactivation rate of ti@nfection in all cases, without the need to

reach 50°C as required for classical SODIS botitesess. No enteric bacteria regrowth was

81
Juliette Ndounla Ph. D. Thesis



III. CHAPTER 3

noticed one week after the in-situ generated pketaton treatment. Significant influence of
the solar irradiance but not the dose was noticehgl the process. The experiments revealed
that higher irradiance level leads to lower EDT dode to achieve bacterial disinfection. High
average irradiance (Al) of 35 W-hied to the total inactivation &almonellaspp. with a dose

of 26 Wh.n¥. In contrast, low irradiance of 20 W7mequired a dose of 60 Whm

The pH becomes more alkaline during both neutratg@frenton and solar treatment. A rise
of 1.5 and 2.5 in pH range was recorded respegtivekolar treatment and neutral photo-
Fenton. This pH increase was not detrimental tgtieo-Fenton and bare solar disinfection,
but could be beneficial for the Sahelian groundemsaivhich are originally acidic and could

then simultaneously be upgraded through photo-freditinfection.

This study has revealed significant variation o thitrogen compounds state during both
photo-disinfection processes (Solar, Photo-Fentdhg recorded oxido-reduction of nitrates
and nitrites and the oxidation of ammonia followitige variation of their concentration
during the treatments (increase of nitrates amitaniand decrease of ammonia), has pointed
out the importance of evaluating the sustainabitifythese disinfection processes before
recommending them for human consumption. The WHidnteon nitrate (N@) in drinking
water reveal that several wells water in the warddurally contain more than 50 mg/L of
NOj3, as the one found in this study. Considering fiais, it's a need to efficiently determine
in further research project on photo-disinfectitve tgeneration rate of the nitrite (NP
produced through the reduction of nitrate or thédatkon of ammonia and evaluate if it
eventually remains below 3 mg/L. The characterwatof this nitrite and other nitrogen
byproducts formation (such as nitrosamine), coudtp revaluate the health impact of the
photo-disinfection of the drinking water beforentking the vulgarization of the photo-Fenton

disinfection.
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4.1. INTRODUCTION

Pathogenic enteric bacteria are related to thereakbof several water-borne diseases (e.g.
diarrhea, cholera, dysenteries and typhoid) in ldgweg countries. The use of solar radiation
to disinfect drinking water has been successfull#ated by several authors under the Solar
Disinfection (SODIS) process (Sommet al, 1997; Sobsey, 2002; Boylet al, 2008).
Burkina Faso, like many other developing countrisssituated in the latitude lines of 30°N
and 30°S and receives about 2,000 to 3,000 howsslaf illumination annually. This energy
could be productively used to improve solar drigkimater disinfection. SODIS implies the
synergistic effect of sunlight and temperature (Alieget al, 1994). Clinical field trials on
the evaluation of the efficiency of SODIS towartie reduction of occurrences of diarrhea
have been conducted in Kenya (Conetyal, 2001; Du Preeet al, 2011), India (Roset al,
2006), Iran (Mahvi, 2007) and Cambodia (McGuigdnal, 2011). The development of an
enhanced solar disinfection process in the Sahedigion could be useful to efficiently solve

the problem of potable drinking water scarcity.

The enhancement of the SODIS efficiency has begorted by several authors, with the aim
of developing a low-cost process capable of produea higher volume in less time than the
1-2 liters per bottle in 6 hours proposed by SOd&rences (Reed, 2004; Rincon and
Pulgarin, 2006; Ubomba-Jaswet al, 2010). SODIS enhancement by the photo-Fenton
process has been considered by some authors to &ffoedable and efficient process which
could be used to speed up the SODIS process amdraase the volume of water produced
(Sciacceet al, 2010; Spuhleet al, 2010). Fenton and related systems encompassoresaof
peroxides (usually $D,) with metal ions leading to the formation of reaetoxygen species
(ROS) and reactive radical species (Eq. 4.1). Timest&l ions are mostly transition metals

which could be found naturally or due to industrativities in natural waters such as
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manganese, zinc, chromium, copper, iron, etc. Iistrob the researches carried recently on
Fenton and photo-Fenton, the metal ion involvedhim reaction is iron (Chet al, 2004,
Bandalaet al, 2012; Rodriguez-Chuee al, 2013). Therefore, the catalytic Fenton reaction
in the dark, generally active at acidic pH, is kmote favor the generation of the hydroxyl
radicals {OH) and F&" ions (Eq.4.2). However the kinetics of the reacii® limited by the
slow regeneration of B& from F€* (Eq.4.3). Under illumination, the Fenton reagent
(FE'/H,0,) leads to the photo-Fenton reagent{fF$,0,/hv) with an increased production of
"OH in the treated water during the process, andebeneration of Féfrom Fé" is reached
via a ligand-to-metal charge-transfer (LMCT) reawti(Eq.4.4). At acidic pH, the most
abundant iron photo-active complexes are thé&*-Fgdroxy-complexes (Fe(O#) and
Fe(HO)*"), which can lead to the production ‘@H and F&". In the presence of a e
organo-complex, the reaction leads td*Fand an oxidized organo-complex (Eq.4.5). Both
reactions (Eqg.4.4 and Eqg.4.5) take place when dmeptex absorbs light in the UV and the
visible region (Pignatell@t al, 2006; Malatoet al, 2009). Surface water contains a large
amount of natural organic matter (NOM). This NOMdarm photo-active Fé&-complexes
even at neutral and basic pH. A part of NOM is abte to interact as a photosensitizer,
leading to the production of reactive oxygen spe@ROS) (OH, HG,', O,") (Canoniceet al,
1995). Domestic, agricultural and industrial a¢ies favor the introduction in the water cycle
of some inorganic ions such as HCOCO? SO, &7, F, HPQ?, NO, , NO;~ and NH".
These ions can either lead to the precipitatiofirai, scavenging ofOH or coordinate to
dissolve F& and Fé'in more or less un-reactive complexes (Pignateflal, 2006). These

reactions, when they occur, can affect the phoaotigation process.
M™ + H,0, — M™Y* + OH™ + "OH (4.1)

FE* + HyO, — FE* +°OH + OH k=53 -76 Ms? (4.2)
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FE'* + H,0, —» FE'HO, + H k=1-2x10M's? (4.3)
Fe(OHY* + hv— F&* + 'OH (4.4)
R-OOC-Fé" + hv— R-COC + F€" - F€" + CQ; + R (4.5)

As mentioned above, the photo-Fenton process w&tf/fmore efficiently used at acidic pH
(2.5 — 3) for biorecalcitrant chemical compoundrdegtion (Herrerat al, 1998; Kenfaclet
al., 2009; Malatcet al, 2009). Recently, it has been successfully testewar-neutral pH for
drinking water disinfection (Rincon and Pulgarif§08; Ndounlaet al, 2013). Moncayo-
Lassoet al.(2009) have simultaneously inactivatédcoli and degraded NOM in river water
with a compound parabolic solar reactor (CPC). Glwent study is the first conducted on
alkaline surface water with natural iron contentfiatd scale in CPC with the aim of
evaluating the efficiency of the photo-Fenton tneext in theoretically unfavorable alkaline
conditions. The pH evolution during photo-disinfentand the effect of the solar radiation
parameters (day period of illumination, irradiaraced dose) on the efficiency of the photo-
disinfection is assessed. The impact of some imocgens present in the natural water

sample on the efficiency of the photo-Fenton predeslso evaluated.

4.2. MATERIALS AND METHODS

4.2.1. PHYSICO-CHEMICAL MEASUREMENTS AND CHEMICAL REAGENTS

The HACH DR/2000 spectrophotometer methodologiesdus this study to characterize
some physico-chemical components of the water sanfpirbidity, iron, nitrite, nitrate,

phosphate, sulphate, fluoride, sulfide and ammgr@tows the guidelines of the Standard
Methods for Examination of Water (HACH, 2001). THACH methods used for the
determination of each component and its detectran &re presented in table 4.1. However,

the bicarbonate and carbonate ions concentratioe determined by titration. A universal
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meter WTW 340i equipped with a WTW SenTix 41-3 @atas used to measure the pH and
temperature. The Hydrogen peroxide @) concentration was followed during the
experiments by a Peroxide Merckoquant (Merk) tesgh \& detection limit of around 0.5
mg/L. Microbiology Chromocult ® (Merck KGaA), wassed for bacterial plating. Growth
media were poured into a Pre-sterilized Petri DBRx16mm (Sarstedt AG). Hydrogen
peroxide, 30% (AnalaR Normapur, VWR) was used teppre the Fenton reagent. And
Hydrochloric acid fuming (HCI), 37% (Fluka Analyéil; SIGMA-ALDRICH®) was used for

glass-reactor cleaning.

Table 4.1: summary of the HACH analytical methods used torahterize some

components of the water sample (HACH, 2001).

Components HACH DR/2000 Methods/Programs Detectiolimits
Turbidity Program 750 (wavelength 450 nm) 0 - 450 NTU (Nephelometric
turbidity units)

Total Iron FerroVer Method, program 265 (Powddd - 3.00 mg/L
Pillows, wavelength 510 nm)

Nitrate High Range (HR), program 355 or th@ -30.0 mg/L N@-N
Cadmium Reduction Method (wavelength
500 nm)

Nitrite Low Range (LR), program 371 00 -0.300 mg/L N@-N

Diazotization Method (wavelength 507 nm)

Ammonia Nessler Method, program 380 (wavelength- 2.50 mg/L NH-N
425 nm)

Phosphate  PhosVer 3 (Ascorbic Acid) Method, progrard - 2.50 mg/L PG"
490 (Powder Pillows, wavelength 890 nm)

Sulfate SulfaVer 4 Method, program 690 (Powdéd - 70 mg/L SGF
Pillows, wavelength 450 nm)

Fluoride SPADNS Method, program 190 (wavelength- 2.00 mg/L F
580 nm)

Sulfide Methylene Blue Method, program 690 - 0.600 mg/L &

(wavelength 665 nm)
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4.2.2. CHARACTERISTICS OF THE WATER SAMPLE

The water used during the experiments was colldobed April to May 2011(summer season)
at dam 3 in Ouagadougou, Burkina Faso. Ouagadogdoaated at 12°21'26" Latitude North
and 1°32'7" Longitude West and receives approxilm&eé00 hours of solar radiation per
year. The experiments were conducted at the sig&oFoundation. The water sample is used
by part of the local population for household pwwg® (cooking, drinking and washing) and
has a pH 8.6+0.3. Its physico-chemical parametaceotrations are presented in Table 4.2.
The enteric bacteria contents of this water weggr@pmately 10 CFU/mL for each entity
involved in this study (total coliform&/ coli, andSalmonellaspp). The sampling collection

was realized one hour before the experimentati@ndf-liter plastic jerrican.

4.2.3. BACTERIAL STRAIN AND GROWTH MEDIA

The wild bacterial strain monitored in this studgsathe fecal indicator bacteria coliforas/
coli, andSalmonellaspp. Microbiology Chromocult ® (Merck KGaA), wasad for bacterial
plating. Chromocult is a selective and differengjedwth media. It selectively inhibits growth
of the non-enteric bacteria. As experiments wemdaoted with natural water, considering
their initial enteric bacteria contents, no dilutiwas realized before the bacterial plating. 100
ul of sample water were inoculated into the growtddium. Considering the selectivity of
Chromocult, the detection limit of enteric bactenas 0 (zero) colony growths observed in
the plate. The differential nature of the mediumnues the distinction ofSalmonellaspp
(colorless),E.coli (purple and pink) and the blue- and salmon-colocetbnies of other
coliforms from bacteria. However, in order to emgiha the decrease of the total coliforms,
all theE. coli observed and others coliforms counted are presdoggether in this study as

total coliformsE. coli.
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4.2.4. THE EXPERIMENTS

All the experiments (solar radiation and photo-Beit were conducted under direct sunlight
in a Compound Parabolic Collector (CPC). The CP@ BOLARDETOX ACADUS-2003
batch photoreactor device model delivered by EdesysSA (Barcelona, Spain). 25 L of
surface water was disinfected during each treatraenbnstant flow (2 L/min). Preliminary
experiments were realized to evaluate the effigieexposure time (4 and 2 hours
respectively) which could be proposed to the papraconcerned if the vulgarization of the
photo-Fenton disinfection is taken into accountteAfards, the photo-disinfection was
carried out in the CPC during 6 different time mtds: (i) 8 am to 12 pm (8-12h), (ii) 10 am
to 12 pm (10-12h), (iii) 12 pm to 2 pm (12-14h))(lvpm to 3 pm (13-15h), (v) 2 pm to 4 pm
(14-16h) and (vi) 3 pm to 5 pm (15-17h) for botlogesses (uniquely solar radiation and
photo — Fenton). The evaluation of the influence difect solar radiation parameters
(irradiance and cumulated dose) on the efficientyath photo-disinfection processes is
reported. During the exposure, pre-sterilized gfesks of 100 mL were used at regular time
intervals (0, 10, 20, 30, 45, 60, 90, 120, 150, 488 240 min) to collect the treated water
samples to be analyzed. 100 pL were taken withcaopipette from the flask and poured into
a Petri dish plate containing growth media (Chrouftoagar). Plates were incubated for 18-
24 h at 37°C and the colonies counted with a cotmunter (Stuart SC6 Colony Counter). To
check the durability of photodisinfection after espre, all the flasks were further kept in the
dark for post-irradiation controls after 24 houfenton tests were conducted simultaneously
in the dark on 100 mL of samples containing 10 mgflH,O,. The concentration of some
physico-chemical parameters of the water (HG@O:*, SQ?7, &, F, HPQ?", NO,,
NOs~, NH,", turbidity and the total iron content) were evahoh before and after the

treatment. The pH and temperature evolution duting treatments were successively
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recorded. The experiments were repeated three tionessure reproducibility. The Wolfram

Mathematica 8.0 and MS-Excel programs were useddta analysis and graph fitting.

4.3. RESULTS AND DISCUSSION

4.3.1. EVOLUTION OF SOME PHYSICO-CHEMICAL CHARACTERISTICS OF THE
WATER SAMPLE

The surface water used in this study was colleftted Ouagadougou’s dam 3 during the dry
season. Table 4.2 presents its main physico-chéwrteaacteristics before and after photo-
Fenton treatment. Water composition has a grelatein€e on the photo-disinfection treatment
and light penetration is minimal in highly turbicater (Joyceet al, 1996; Kehoest al, 2001).
To carry out an useful photo-disinfection, it issenmended to conduct it in water with less
than 30 NTU turbidity (Byrnet al, 2011). The water treated in this study was clgtr only
8+3 NTU. The initial water temperature was rangetieen 28-29.5+0.5°C; and it pH was
8.610.3. After the first records of the efficienoff photo-Fenton disinfection at near-neutral
pH (Rincon and Pulgarin, 2006), several authorsehewnducted investigations into the
efficiency of the process in natural water, somt@weutral pH (Moncayo-Lassat al, 2009;
Sciaccaet al, 2010; Ndounlaet al, 2013). The alkalinity of the natural water treate this
study will enable us to produce the first recordtloé efficiency of the photo-Fenton at
alkaline pH. The Sahelian African soils are fernaggis, which leads permanently to natural
iron contents in the water. Taking this into acdpwmly 10 mg/L of HO, was added in the

water sample before the photo-Fenton process.

The concentration of mineral nitrogen compoundsdte, nitrite, ammonia) in the surface
water used in this study was far below the Worldalde Organization (WHO) norms for

drinking water: 3 mg/L for nitrite, 50 mg/L for métte and undetermined for ammonia (WHO,
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2011a). Their variations during the photo-treatmerte not relevant. The photochemical
reduction of nitrite or nitrate and the chemicaldation of ammonia could lead to OH
radical generation (Eq 4.6-4.8) (Kotziasal, 1987; Fanning, 2000; Britet al, 2010). OH
radical is highly oxidant and has a lethal actiontiee enteric bacteria. Therefore, the redox
activities of the nitrogen compounds in the watatiry photo-disinfection could significantly

affect the rate of the photo-inactivation.

NO; + H,O +hv— NO, + OH + OH (4.6)
NO, + H,O +hv— NO + OH + OH 4.7)
NH;" < NH3 + OH — NH,0H — NOH — NO — NO,™ < NOs~ (4.8)

Inorganic ions can have an interfering effect oa ffenton reagent. Depending on their
concentrations, Fenton and photo-Fenton oxidatainsrganic compounds are inhibited in
varying degrees by inorganic ions (e.g. phosplsatiphate, chloride) (Pignateltt al, 2006).
However, the concentration of sulphate, sulfideorfide and phosphate were under the
restriction of the WHO guidelines for drinking waf@/HO, 2011a). Photo-disinfection did
not significantly affect their variation during theeatments (Table 4.2). Rincon and Pulgarin
(2007b) have reported that the mixture of these pmmants at high concentrations can
positively influence the kinetic of the photo-disation, while when individually taken into
account, they have a negative impact on the phtatiytia process (Pignatellet al, 2006;

Rincon and Pulgarin, 2007b).

Phosphate has a doubly detrimental effect by pitatipg iron and by scavenging hydroxyl
radicals (Malatcet al, 2009). The bicarbonate (HG{Pconcentration was extremely high in
the surface water treated in this study and theemee of carbonate (GE) ions was also
recorded (Table 4.2). It should be taken in accdhat the carbonates are generated from

bicarbonates in water, when its pH is greater arab¢p 8.3. As a buffer complex HGO
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/COs%, the bicarbonate and carbonate ions could gréafilyence the photocatalytic process
(Pignatello et al, 2006; Rincon and Pulgarin, 2007b) by their quamgheffect on the
hydroxyl radicals in a bD./light System (Kochany and Lipczynskakochany, 19%)e to
their buffering effect, they also have a great intpan the pH variation during photo-
disinfection. Relevant differences were not noticedheir concentration before and after

photo-disinfection.

Table 4.2 Physico-chemical characteristics of tvatersamplemeasuredeforeand

after thephoto-Fenton disinfection treatment.

Parameters Before the treatment  After the treatment
Temperature (°C) 28-29.5+0.5 -

pH 8.6+0.3 -
Turbidity (NTU 8+3 8+3

Total Iron (mg/L) 0.10+0.05 0.11+0.06
Nitrite (NO2) (mg/L) 0.011+0.003 0.012+0.002
Nitrate (NGQ') (mg/L) 3.26+0.2 4.02+0.3
Ammonia (NH") (mg/L) 0.11+0.05 0.17+0.04
Sulphate (S@) (mg/L) 12+1 12+1
Sulfide (§) (mg/L) 0.007+0.002 0.008+0.001
Fluoride (F) (mg/L) 0.50£0.02 0.50£0.03
Phosphate (P$) (mg/L) 0.07+0.01 0.15+0.02
Bicarbonate (HC®) (mg/L) 148.10+0.05 137.86+0.04
Carbonate (C¢) (mg/L) 3.840.1 3.7+0.2
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4.3.2. ENTERIC BACTERIA INACTIVATION IN ALKALINE WATER BY FENTON,
SOLAR LIGHT AND PHOTO-FENTON

The inactivation of wild enteric bacteria conteofsthe natural surface water in the CPC
during the photo-disinfection treatment by solatiation hv), photo-Fenton (F&/H,0./hv)
and dark Fenton (B&H.O./obs are presented in this paper. The initial natircal content of
the sample water was 0.10+0.05 mg/L and th®jhadded was 10 mg/L. The open symbols
represent the total colifornts/ coli and the full symbols are f@almonellaspp. The traces
(A) and (A) represent Fenton evaluation conducted in 100ladsgflasks kept in the dark.
The traces(’) and ®) illustrate the enteric bacteria decreased unaolar sadiation, and((l)
and @) presents the inactivation under photo-Fentortrireat. The decrease of both enteric
bacteria under both photo-disinfection methodsofed the first order kinetic (McGuigaet
al., 1998). The water temperature evolution duringtteatment and the available irradiance

and dose recorded during the exposure are alserjiess

4.3.2.1. FENTON SYSTEM

As can be observed in all the traces)(and A)) in Figs.4.1, 4.2 and 4.3, neither the total
coliform/E. coli strain nor that oSalmonellaspp. decreased of one magnitude order were
noticed during the exposure to the Fenton systemmeier, it is surprising to notice that the
Fenton process (Egs. 4.1-4.2) led to the totaltivestton of the weakened total coliform/E.
coli strain during the subsequent 24-hour darkagfer In contrast, the more resistant strain of
Salmonellaspp. (Berneyet al, 2006) attained a higher active bacteria populati@an that

present at the beginning of the treatment duriegstime dark storage time.
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Figure 4.1: (a) Inactivation of wild enteric bacteria in naturalirface water carried out from 8-12h
under direct solar illuminationh{). Post irradiation events (24-hour dark storagefl 8.6+0.3,
natural iron content (Fe): 0.10£0.05 mg/L, additioh 10 mg/L of HO, in the water for photo-
Fenton process. Total colifornts/ coli (J) and Salmonellaspp. @) under photo-Fenton (natural
Fe?***IH,0,/hv), total coliformsE. coli (©) and Salmonellaspp. @) under direct solar radiation
(natural F&*'/hv), total coliformsE. coli (A) and Salmonellaspp. (A) in the dark (Fenton
process) (natural E&3' H,0,/obs). (a’) evolution of the water temperature [T°C] duringtb
treatments (solar and photo-Fenton); insert: sal@diance [W.n¥, (=)] and cumulated total dose
[Wh.m?, (---)] available during the experiment.

4.3.2.2. SOLAR RADIATION SYSTEM

The generation of the reactive oxygen species (R@®) NOM, which intervene together
with the direct action of photons in the lethaheakt of the bacteria, is highly influenced by the
light intensity or irradiance (W.H). However, the solar inactivation of wild entebiacteria

of natural surface water at different daytime iméds is not only influenced by average
irradiance (AVI) but also by the temperature inseeeecorded during each exposure period in
Figs.4.1, 4.2, 4.3, trace () and (®). It is noticeable that the synergy between tinepierature
rise and the average irradiance (AVI), and notdimaulated dose, significantly affected the
photo-disinfection process. Indeed, during the syp® period 15-17h, in the presence of very
low AVI of 8 W.m™ for a cumulated dose of 21 WH’nand a temperature of less than 40°C
(Fig.4.3-f"), none of the enteric bacteria in thater were inactivated under uniquely solar

radiation (Fig.4.3-f).

During the periods 8-12h (Fig.4.1-a) and 14-16lg@B-e), the temperature increased to

approximately 45°C and the AVI were 17 and 20 .raspectively. This led to the total
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inactivation of both enteric bacteria. 150 min {per8-12h) and 90 min (period 14-16h) were
required for total coliforni. coli strain inactivation. 240 min (period 8-12h) and 1Rin
(period 14-16) were recorded f8almonellaspp. strain inactivation. The high dose required
during the period 8-12h foBalmonellaspp. total inactivation (180 Wh:f proved that the
availability of high doses does not lead to highciivation kinetics. Only 80 Wh.fwas
required during the exposure period 14-16h for kastteric bacteria’s total inactivation. The
dose recorded for the successive exposure perd2hi (Fig.4.2-b), 12-14h (Fig.4.2-c) and
13-15h (Fig.4.2-d) was respectively 90, 50 and 50.1# for both enteric bacteria’s
inactivation in approximately 90 min in all the easThis result again confirms the previous
observation about the irrelevant impact of the dndbe photo-disinfection of drinking water

sources.

The AVI recorded during the successive daytimeqoil0-12h, 12-14h and 13-15h was
respectively 29, 27 and 28 W3anThese high AVI have approximately the same oafer
magnitude as the ones recorded in the Saheliaarreliring the dry season (summer season)
(Kenfacket al, 2009). Associated to the temperature rise of niwae 40°C during the first
hour of exposure, in almost all the cases they hed/¢o the total inactivation of both enteric
bacteria strains in approximately 90 min. Therefbigh AVI induced a similar required time
(and dose) for total inactivation. The total califdE. coli strain was the only one to be
inactivated in 60 min during the exposure periodl®B. This fast inactivation kinetic was
certainly due to the fact that the temperatureease was very fast at the beginning of its

exposure.

It is generally accepted that, the photonic flueaily affect the ROS production and the
concomitant oxidative stress in the bacteria, legdio inactivation or death while the
increased temperature inactivates the enzymes wiech supposed to protect them from this

stress (Cabiscoét al, 2000). As neither the temperature increase nerRBS generation
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through the photonic action of irradiance were isigfihtly available during the exposure
period 15-17h, the steady state of the active Enbacteria recorded in the water at the end of
the exposure could be attributed to the absencketb&l oxidative stress. These results
highlight the fact that it is the synergetic effe€tthe photonic and the thermal parameters of
the solar radiation (intense solar radiation codipteincreased temperature to approximately
45°C), which lead to the enteric bacteria inactoratiuring the solar disinfection (Wegekn

al., 1994; Sommetet al, 1997; McGuiganet al, 1998). Unfortunately, during the post-
irradiation storage in the dark, tisalmonellaspp. strains recovered their viability and grew
to more than their initial level in all the treatedter. This regrowth dbalmonellaspp. is the
negative side of the bare solar disinfection. Weeded that their inactivation was not
irreversible. It will be necessary to evaluate \heetthe photo-Fenton could ensure the

irreversibility of all the enteric bacteria inacion.
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Figure 4.2: (b, c, d Inactivation of wild enteric bacteria in naturalirface water carried out from
10-12h, 12-14h and 13-15h respectively under dissdar illumination fiv). Post irradiation events
(dark storage during 24h). pH 8.6+0.3, natural ifé¢te) content: 0.10+0.05 mg/L, addition of 10
mg/L of H,O, in the water for photo-Fenton process. Total aolifisE. coli () and Salmonella
spp. @) under photo-Fenton (natural #€H,0,/hv), total coliformsE. coli (°) and Salmonella
spp. ®) under direct solar radiation (natural?®&*hv), total coliformsE. coli (/) and Salmonella
spp. (A) in the dark (Fenton process) (naturaP®&/ H,0,/ob9). (b’, ¢’, d’) evolution of the water
temperature [T°C] during both treatments (solar @hodto-Fenton); insert: solar irradiance [W?m
(==)] and cumulated total dose [Whn(---)] available during the experiment.
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4.3.2.3. PHOTO-FENTON SYSTEM

The photo-Fenton process in alkaline water is nbdymsubject to the formation of iron
hydroxides and iron oxides which precipitate. Hoeredrastic inactivation kinetics were
recorded in all the enhanced by®d addition photo-disinfection treatment (Figs.4.2 d4nd
4.3; trace [(J) and @)). Comparatively to the situation observed underquely solar
radiation in the previous section, it could be assd that photo-Fenton reaction could
significantly take place at alkaline pH. The RO®H, HO)Y, O,") production from
photosensitized NOM (Canonie al, 1995), and Fé regeneration from photo-active ¥e

organo-complex (Pignatellet al, 2006) has certainly contributed to these obsergsdlts.

The high photon-flux generated by the AVI availathlging the exposure periods 10-12h, 12-
14h and 13-15h, which was respectively 29, 27 @hiiV2mi®, associated to the temperature
rise of more than 40°C during the first hours ogp@sure led to a drastic inactivation of both
enteric bacteria in approximately 45 min in allesagFig. 4.2, trace () and @)). However,
during the exposure period 10-12h, thalmonellaspp. total inactivation took a little more
time. The effect of the low solar radiation avaialn the morning and afternoon was
highlighted by the recorded irradiance: 17 and 2entespectively for the exposure periods
8-12h and 14-16h (Fig. 4.1-4.3). A relevant inaatfiion kinetics was however, recorded in
both cases. The total inactivation was achieved&bh enteric bacteria after 120 min during
the exposure period 8-12h. Drastic inactivatio@@min of total coliformd£. coli strain was
recorded for the exposure period 14-16h, while di&almonellaspp. was achieved after 60

min.

The inactivation of the weakened strains of totdifearms/E. coli was noticed at the end of
the photo-Fenton process, during the exposure gekt®17h, in contrast to the negative
results recorded for the same period under bagr safliation (Fig. 4.3, tracé ) and @)).

Even though the AVI was very low during this peri@W.m?), no regrowth was recorded
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after the dark post-irradiation storage (24h). Asaed in the previous section, the cumulated
dose of the solar radiation did not significantifluence the inactivation process. The dose
recorded for the total inactivation of both entebacteria during the exposures was
approximately 50 Wh.if for the periods 12-14h, 13-15h and 14-16h. It wae and 60
Wh.m? respectively for the exposure periods 8-12h and2H It is important to notice the
residual effect of the ¥, by Fenton reaction during the storage. Howeve, rémaining
H,0, amount (3-4 mg/L) in the treated water disappearspletely from the water after two
or three days of storage. This,® depletion was also reported in our previous paper

(Ndounlaet al, 2013).
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Figure 4.3: (e, f) Inactivation of wild enteric bacteria in natursiirface water carried out from 14-
16h and 15-17h respectively under direct solarnilloation hv). Post irradiation events (dark
storage during 24h). pH 8.6+0.3, natural iron (Eeptent: 0.10+0.05 mg/L, addition of 10 mg/L of
H,0O, in the water for photo-Fenton process. Total aolifiskE. coli ((I) and Salmonellaspp. @)
under photo-Fenton (natural £&*H,0,/hv), total coliformsE. coli (°) and Salmonellaspp. @)
under direct solar radiation (natural#&*hv), total coliformsE. coli (/) andSalmonellaspp. &)

in the dark (Fenton process) (naturalP¥&/ H,0./obs). (e’, ') evolution of the water temperature
[T°C] during both treatments (solar and photo-Fentoinsert: solar irradiance [W.f (=)] and
cumulated total dose [Wh.f (---)] available during the experiment.

4.3.3. POST IRRADIATION EVENTS

4.3.3.1. POST IRRADIATION EVENTS AFTER SOLAR RADIATION DISINFECTION

The Salmonellaspp. conversion from nonculturable to culturalitaiss was noticed in all the

waters which were disinfected for 2 hours by unigselar radiation. After the recovery of
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their culturability during the dark storage, thegreased to more than their initial contents.
TheseSalmonellaspp. strains’ recovery during favorable conditidead to the assumption
that the effect of solar radiation was bacteriostand not bactericidal (Rincon and Pulgarin,
2007b). A longer exposure time is therefore neddeednsure the bactericidal effect of the
uniquely solar radiation o8almonellaspp. strains to ensure its irreversible inactoratiThe
total coliformE. coli strain was not inactivated during the exposuréodel5-17h. However,
after being weakened by illumination, it was totalactivated during the subsequent 24 h of
dark storage. In contrast, the remaini8glmonellaspp. strains took advantage of the
favorable conditions of the dark storage to recalieir capacity for growth. Such capacity is

part of the resistance &almonellaspp. to photo-inactivation (Berney al, 2006).

4.3.3.2. POST IRRADIATION EVENTS AFTER PHOTO-FENTON DISINFECTION

None of the total coliforntZ. coli and Salmonellaspp. strains inactivated under the photo-
Fenton treatment in this study recovered viabtitying storage (Figs.4.1, 4.2 and 4.3, trace
(1) and @)). No regrowth of any of the strains was obseraéidr the 24 hours of dark

storage. Considering this irreversible inactivatidncan be assumed that the photo-Fenton
disinfection of drinking water could be efficientlsged to produce higher volumes of water in

shorter time than requiered by SODIS bottles system

4.3.4. PH EVOLUTION DURING THE EXPERIMENTS

The pH increase recorded in all the photo-disimd@c{solar and photo-Fenton) processes as
presented in Fig. 4.4, are in contrast with therekese report by several authors during the
photocatalytic treatment with T&Q(Rincon and Pulgarin, 2007b; Malagb al, 2009). This
increase is probably due to (i) the buffer actibthe complex HC@/COs* which maintains
the solution in the alkaline region and especidily the degradation of the nitrogen

component of the water during their photo-degramafEq.4.6-4.7), leading to the generation
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of the OH and consequently increased alkalinity (Kotzetsal, 1987; Fanning, 2000).
However, this pH increase has not negatively agfié¢he inactivation kinetic of the photo-

Fenton process.

== Solar light

=i—Photo-Fenton

0 20 40 60 80 100 120
Time [min]

Figure 4.4: Evolution of pH during the photo-disinfection ttezents: ¢) under solar radiation
treatment without o, addition, @) under photo-Fenton treatment with 10 mg/L ofC4.

4.3.5. COMPARATIVE EVALUATION OF THE ENTERIC BACTERIA INACTIVATION
BY PHOTO-FENTON AT ALKALINE OR NEAR-NEUTRAL PH IN NATURAL
WATERS

In this study, the presence of several iron speiciesatural water: soluble (Fe® *) and
solids (e.g. iron oxides) has lead to heterogeneousditions for photo-Fenton process. This
heterogeneous conditions could take advantagevefaepathways: (i) the high adsorption of
iron oxides by bacteria (Spuhlet al, 2010), (ii) the effect of the bacteria siderogsowhich
increases iron dissolution (Stintzt al, 2000) and leads to high photo-Fenton activity) (i
the enhancing semi-conductor effect of some typewld iron oxides on photo-disinfection
(Moncayo-Lasseet al, 2008b; Mazilleet al, 2010) or (iv) the natural organic matter (NOM)
or humic substances complexation with iron to namtheir solubility in solution (Pignatello
et al, 2006; Lipczynska-Kochany and Kochany, 2008). Haterogeneous photo-Fenton

degradation of phenolic compounds was recentlyiezhrout at alkaline pH. Under this
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condition, 0.001 mol of the phenolic compound wagrdded in 1 hour (Martinezt al,
2005; Ayodeleet al, 2012). Avogadro’s number (\N= 6.022 16° mol?) is the number of
constituent species in one mole of a given substafusually atoms or molecules). If we
consider the degradation of 0.001 mdlds that of 6.022 FAmolecules, the target in natural
waters disinfected in this study is far below tleigel with a maximum record at 1GFU/m.

It could be assumed that th®H radical generated by the homogenous (Fe-org) and
heterogeneous (Fe oxides) photo-Fenton in alkalmeear-neutral water sources was high
enough to ensure the drastic inactivation of bottergc bacteria strains as recorded. Figure
4.5 shows the inactivation curves of the totalfoains/E. coliandSalmonellaspp. by photo-
Fenton in well-water (W, pH 5.4 £ 0.1) or in sudgawater (S, pH 8.6 = 0.3). The solar
radiation parameters (irradiance/dose) and temperaise during the experiments were
similar to those presented in the previous sedtibthe same time intervals for both water
sources. In contrast to the fact regularly obsgteacidic or near-neutral pl$almonella
spp. strains seem to be less resistant to phottmfrenactivation at alkaline pH. Their total
inactivation occurred under several exposure psrindhis study at the same time as that of
total coliforms/ E. coli (Fig 4.5.a-c). The slight delay (15 min) noticeéteen its
inactivation kinetics and that of total colifornis/ coli during the exposure period 10-12h is
not worth recording as a relevant fact. It can ab® noticed that the global effective
inactivation time ofSalmonellaspp. in alkaline water is lower than the one rdedrwhen it
was inactivated under acidic or near-neutral comait It could therefore be assumed that the
pH of the water could significantly affect the sémgy of the bacteria to photo-inactivation,

as is also the case for chlorination (WHO, 2011a).
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Figure 4.5: Wild enteric bacteria inactivation by photo-Fent@matural F&"**/H,0,/hv) in natural

wells (W) and surface (S) water under direct sokdiation at different time intervals of the day (8
12h, 10-12h and 12-14h)[]) total coliformsE. coli, (W) Salmonellaspp. Some parameter of the
sample water presented here: the surface wateragmt0.10+0.05 mg/L natural iron (Fe) and pH
8.6+0.3, while the wells water contains naturalnirf@issolved: 0.07+ 0.02 mg/L of Fe** and solid

iron oxides (0.23+ 0.01 mg/L), pH 5.4+0.01. 10 mgif H,O, was added in each sample to initiate
the photo-Fenton process
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4.3.6. INACTIVATION MECHANISMS

4.3.6.1. INACTIVATION MECHANISMS UNDER SOLAR RADIATION
TREATMENTS

Dissolved oxygen in the water seems to have a tdinggact on the bactericidal action of
solar disinfection (Reed, 1997). The water recatah in the CPC during the photo-
disinfection process is subjected to high flucomtifollowing the oxygen availability at
different point of the reactor. The NOM presentnatural water act as photosensitizers.
Under irradiation, the photosensitizers become telecally excited and react with ;O
leading to reactive oxygen species (ROS) suchragesioxygen 10,), superoxide (H&/ O,

), H O, and OH radicals (Canonicat al, 1995; Reed, 1997). The catalases and other
enzymes which should protect the cells from oxidastress are photo and thermo-sensitive.
The temperature increase of up to 45°C during pdaimfection inactivates these enzymes,
leaving the cells susceptible to internal ROS attawd subsequent inactivation. Ofddicals

is the more bactericidal ROS (Jang and Imlay, 2@fhleret al, 2010). A delay in the
photo-disinfection kinetic is observed when severalironmentally unfavorable factors are
present (Rincon and Pulgarin, 2007b), such as ole temperature and solar radiation
available during the exposure period 15-17h. $hbnonellaspp. reactivation after the photo-
treatment is probably due to the fact that theyeweot sufficiently exposed to the lethal

action of the ROS during the 2 hours of exposure.

4.3.6.2. INACTIVATION MECHANISMS UNDER PHOTO-FENTON TREATMENTS

Natural organic matter contains functional grougscv can form complexes with Feor

Fe?*. These complexes not only increase the solutbfityon over the natural pH range, but
can also considerably contribute to the photo-Femreactions via a LMCT under solar
radiation. The positive effect of NOM constituerfésg. carboxilic acids) on photo-Fenton
process, which allow us to work at near-neutralgstd, as noticed here, at alkaline pH (pH

8.6%0.3) too, has recently been reported by sewrthlors (Georget al, 2007; Lipczynska-
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Kochany and Kochany, 2008; Vermilyea and Voelk€@Q%®. The F& generation from the
Fe**-organo-complex in the photo-Fenton experimentseaghout in this study react with the
H,O, added to the water and lead to the generationetbfal OH radical (Eq.4.3-4.5)
(Pulgarinet al, 1995; Pignatell@t al, 2006; Malatcet al, 2009). The association of the ROS
production with the reaction between the photosizesi NOM and dissolved supplied by
the water recirculation in the CPC, and the higigyeration of *OH by photo-Fenton in the
water causes high oxidative stress in the entexatebbia. In a normal situation, the cells can
escape oxidative stress by producing catalasesyawyo inactivate them (Cabiscat al,
2000). It is known that the enzymes are photo &ednmosensitive and are inactivated with
increased temperatures (Ghadermarzi and Moosavahtmli, 1996; McGuigaet al, 1998).
The simultaneous temperature increase and phogmticn during the ROS production has
inactivate the enzyme production. In the absendahefrotective enzymes, the self-defense
mechanisms of the cells are inhibited, thus enagpngathe production of the OHe and other
ROS {0,, HO,, ‘0., H,0,) into the cell and lead to their irreversible itieation. The post-
irradiation events show no enteric bacteria recgvénus confirming their irreversible

inactivation.

4.4. CONCLUSIONS

The photo-disinfection treatment was efficienthhhanced by photo-Fenton system at alkaline
pH. Solar irradiation is the key factor for bothopdtdisinfection processes (solar and photo-
Fenton). The photo-Fenton disinfection at alkaloi¢ is not efficient if conducted under a
low solar irradiance range of less than 12 amd a temperature of less than 40°C. None of
the enteric bacteria strains (total colifoEnktoli andSalmonellaspp.), totally inactivated by
the photo-Fenton treatment have succeeded in rengvehe culturability during the
subsequent 24 hours of dark storage. The resistivithe Salmonella spp. strains noticed at

near-neutral pH in our previous study was not cordd at alkaline pH in this one. These
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strains were highly sensitive at alkaline pH anelirthotal inactivation was recorded at the
same time as those of the total coliforinstoli. The photo-Fenton ensures the irreversible
inactivation of the enteric bacteria, while undarmaquely solar radiation exposure of 4 or 2
hours the inactivate®almonellaspp. strains have recovered their viability durthg 24
hours of subsequent dark storage. To efficientsinfiect the water under uniquely solar
radiation, it is important to expose it for moreh4 hours under high solar irradiance and
impose a temperature increase of up to 45°C torenthe simultaneous irreversible
inactivation of total coliforntt. coliandSalmonellaspp. Considering the enhancement ability
of the photo-Fenton treatment and its irreversibldal action on enteric bacteria, before
vulgarization of the process we recommend additioesearch into improvements to ensure

the safety of the treated water.
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5.1. INTRODUCTION

In order to develop a useful household water treatnprocess for the populations, not
connected to safe drinking water supply in develgmountries, several researches have been
conducted on the photo-disinfection of natural wateurces in most of those countries
(Mausezahkt al, 2009; Du Preeet al, 2011; McGuigaret al, 2011; Marque®t al, 2013,
Ndounlaet al, 2013; Ruales-Lonfagt al, 2013). As solar disinfection (SODIS) and photo-
Fenton treatment take both advantage of the freeggrof sunlight, most of those researches
were conducted during the summer season. This rselag® the most favorable optical
conditions for solar radiation (McGuigast al, 1999; Navntoftet al, 2008; Sciaccat al,
2010; Marqueset al, 2013; Ndounleet al, 2013). The evaluation of the efficiency of the
processes during the raining season taking in atctne effect of the intermittence of a
cloudy and/or sunny sky on it could be useful tgiave the database of this point-of-use

treatment method.

During the raining season, wells and surface waterhighly diluted. This dilution of the
chemical component of the water could significanthfluence both photo-disinfection
processes. In a previous study (Ndoustial, 2013), we have evaluated the enhancement of
the SODIS process by the photo-Fenton reagerft/H©./hv) on natural well water. The
inactivation rate of the wild enteric bacteria @otoliformsE. coli and Salmonellaspp.)
naturally present in the water was followed to aate the efficiency of the processes. In the
previous work, the iron considered for the Fentegent was either the added (0.6 mg/L) or
the initial natural iron contents of the sampleaevd0.07 mg/L) (Table 5.1). The experiment

was carried out on PET (polyethylene terephthalatéfles and the results have shown that
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the processes was highly efficient and the one wcted with the low natural iron of the

water was the more efficient comparatively to the with chemically added iron.

It is a fact that iron is the fourth most abundalment in the Earth's crust and the most
abundant transition metal in soil. The ability idn to undergo cyclic oxidation and reduction
is an important aspect for photo-Fenton proces® fioto-reactivity of iron as transition
metal especially in natural water in presence gfanic ligands, is of high environmental
importance (Cigla et al, 2004). In general, the reduced forms of iron i¢f&") produceOH

at a far faster rate upon reaction withdd than the oxidized forms (£ during the Fenton
and Fenton-like reaction, which ideally operataatlic pH (2.5-3), (Egs. 5.1-5.2). Therefore,
reducing agents catalyze the regeneration 6f ffem F€" and accelerate the generation of

‘OH for photo-Fenton process (Eq. 5.3) (Sychev aa#,11995; Kruszewski, 2003; Pignatello

et al, 2006):

F&" + H,0, — FE" +'OH + OH k=53-76 M*s™ (5.1)
Fe'* + H,0, —» FEHO, + HY k=1-210°M7*'s? (5.2)
Fe** + Donof*® — F&* + Donof* (5.3)

The Fenton reaction in Equation 5.1 is the prinsyrce forOH and produces Bé For the
process to become catalytic,’F@eeds to be regenerated front Fevhich precipitates at
neutral pH in absence of organic complexing maftee regeneration of Fefrom F€* can
be accelerated by irradiating the system (photddreprocess) because somé‘F®mplexes
undergo photoreduction under UVA and visible radigt producingOH and regenerating

Fe?* via ligand to metal charge transfer (LMCT) (Eq)5.

[FE¥(L)] + hv > [Fe*(L)n]* — [FE (L)n-q + L ox (5.4)
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The redox cycling of P& and F&" depends strongly on the presence and nature ofatoeal
organic matter it influence the geochemical cydesl strongly affects the chemical and
biological processes, which are sensitive to tloa ispeciation (Ci¢a et al, 2004). The
organic matter which form strong complexes witfi*fe near neutral pH and which undergo
rapid photochemical reactions in sunlight are prdyboxylates (Zuo and Hoigne, 1992; Faust
and Zepp, 1993; Ruales-Lonftt al, 2013). Under illumination, the photochemical aties

of these complexes favor the solubility of iron regar neutral pH leading the optimal
condition for photo-Fenton reactions. The carboteylgroup [R-COQ is one of the most
common functional groups of the dissolved orgaroampounds present in natural waters
(Feng and Nansheng, 2000), 2000). Th& Fearboxyl or -polycarboxyl complexes (fFe~
OO0C)-RF") undergo a photo-dissolution via a LMCT as desctim equation 4-5 (Faust and

Zepp, 1993; Pignatellet al, 2006; Georget al, 2007).
[(RCOO)FE] + hv— FE"+CO, + R (5.5)

As the presence of natural organic matter, theidilybof the water is one of the most
important parameter which can influence the efficieof the photo-disinfection process. It
can protect microorganism from UVA radiation anddlsignificantly decrease the efficiency
of photo-disinfection. Water with turbidity highénan 30 NTU should be pre-filtered for
conventional SODIS. Highly turbid or unfiltered watmay not withstand any significant
optical inactivation, because the sunlight is caetedy absorbed within the first few
millimeters of water (McGuigaret al, 1999). However, turbidity usually increases the
maximum water temperature achieved within the bpttesulting from the absorption of
visible and IR radiation by the suspended parti(Bsacceet al, 2011). Water temperature is
raised until it could be accounted for the comptiginfection (Joycet al, 1996; Sciaccat
al., 2011). However, for high turbidity, the benefiadfect of increased temperature is likely

to be far less important than the negative effegssilting from a decrease in penetration of
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the inactivating radiation (Reed, 2004). Anothemponent which could significantly

influence the rate of a photo-disinfecting proceéssthe bicarbonate ions concentration
(Rincon and Pulgarin, 2007b). In fact, carbon diexihat is stored in water will be present as
either carbonate or bicarbonate ions. These iomsanmportant part of natural buffers that
prevent the water from becoming too acidic or tasit. This parameter is highly important

when process the photo-disinfection at near nepttal

For a sustainable application of photo-disinfectiomrinking water treatment it is crucial to
know whether the reciprocity of irradiance and doseplies for bacterial inactivation by
sunlight, because solar irradiation can vary canrsioly during a day due to clouds or other
factors. This study will focus on the evaluationtieé efficiency of the solar (natural %#av)
and photo-Fenton (natural ¥84,0,/hv) disinfection of natural wells waters during the
raining season in Sahelian region (OuagadougouiBarkaso, West Africa). Comparative
evaluation of the observed results with the onevipusly conducted during the summer

season will be addressed.

5.2. MATERIALS AND METHODS

5.2.1. REAGENTS AND PHYSICO-CHEMICAL ANALYSIS

Universal meter WTW 340i equipped with a WTW SenZix3 probe was used to measure
the pH and temperature. Microbiology ChromocultMe(ck KGaA), was used for bacterial
plating (Ndounlaet al, 2013). Growth media was poured in pre-sterilizegtri Dish,
92x16mm (Sarstedt AG). Hydrogen peroxide, 30% (ARaNormapur, VWR) was used to
prepare the Fenton reagent. Hydrogen peroxid®{Honcentration was followed during the
experiments by Peroxide Merckoquant (Merk) teshwveitdetection limit around 0.5 mg/L.
Hydrochloric acid fuming (HCI), 37% (Fluka Analyé; SIGMA-ALDRICH®) was used for

glass-reactor cleaning. The bicarbonate and catbaoas concentration were determined by
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titration. The HACH DR/2000 spectrophotometer mdthlogies were used to characterize
some physico-chemical components of the water saifiplrbidity, iron, nitrite, nitrate, and
ammoniac) following the guidelines of the StandMdthods for Examination of Water
(HACH, 2001). The water turbidity was evaluatedhatite program 750 (wavelength 450 nm)
and the detection limits were 0 to 450 NTU (Nephwedtric turbidity units). The total Iron
content was determined by the FerroVer Method (Rowdillows), program 265 and
detection limits 0 to 3.00 mg/L. The nitrate (N)Ocontents was determined with the High
Range (HR) program 355 (NitraVer Method 5, Nitr&eagent Powder Pillow, wavelength
500 nm) and the detection limits were 0 to 30.0 LmjfOs-N. The HACH Species
Conversion Factors (SCF) specific for the calcalatof the nitrate in nitrogen (NO-N) is
4.427. The nitrite (N@) contents was determined with the Low Range (LRgmm 371
(NitriVer 3 Powder Pillows Method, limit of deteoh: 0 to 0.300 mg/L N&-N), the SCF of
NO,-N is 3.284. The ammonia (NH concentration was evaluated with the Nessler bbkth
program 380. Its detection limit was from 0 to 2r8@/L NHs-N with an SCF of 1.288. The
results presented in this paper are the averageedoh components recorded upon the

experiments

5.2.2. LOCALIZATION OF THE STUDY SITE

The experiments presented in this study were choig from July to October 2011 (raining
season) in Burkina Faso. The water samples welectedl at two household wells from two
district of Ouagadougou: well 1 (W1) at Tanghing avell 2 (W2) at Nonsin. Ouagadougou is
located at 12°21'26" of Latitude North and 1°327'Longitude West. The experiments were
conducted at the site of 2iE Foundation. This llocais subject to receive approximately
1900-2200 kWh/rhof annual average solar irradiance. For the pesesvater was collected

from wells with a 20-liter plastic jerrican.
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5.2.3. THE BACTERIAL STRAINS

As in our previous research carried out duringshemer season (Ndoungd al, 2013), the
bacterial strains followed in this study are theldwiecal indicator enteric bacteria
coliformskE. coli, andSalmonellaspp. naturally present in the sample water. Censid the
selectivity of growth media Chromocult, the detewctiimit of enteric bacteria was 0 (zero)
colony growths observed in the plate after the syp® The incubation period was 18-24 h at

37°C.

5.2.4. THE EXPERIMENTS

The experiments were carried out at field scaleeuddrect sunlight in a Compound Parabolic
Collector (CPC). The CPC is a SOLARDETOX ACADUS-208atch photo-reactor device
model delivered by Ecosystem SA, (Barcelona, Spdihg irradiance and cumulated total
dose of the solar radiation was monitored durirggekperiments with an ACADUS 85 UV
radiometer connected to the CPC. 25 L of surfademvgas disinfected during each treatment
at constant flow (2 L/min). Considering the weatbeturbance due to rain fall, the photo-
disinfection was operated following the availalilaf the sunshine during 2 different time
intervals of the day: (i) 8 am to 12 pm (8-12hi), I2 pm to 4 pm (12-16h) for both processes
(sole solar radiation and photo — Fenton). Expenisievere repeated four times to ensure
reproducibility. During the exposure, pre-steriizglass flask of 100 mL, were used at
regular time intervals (0, 10, 20, 30, 45, 60, 920, 150, 180 and 240 min) to collect the
treated water sample to be analyzed. 100 pL wé&enteith micropipette from the flask and
poured in a Petri dish plate containing growth rae{Chromocult agar). Plates were
incubated for 18 -24 h at 37°C and the coloniestami with a colony counter (Stuart SC6
Colony Counter). To check the durability of phoiskhdfection after the exposure, the entire
flasks were further kept in the dark for post-ifedihin controls. Regrowth experiments were

realized on stored bottles after 24 h. Considetivgyreal scale situation for treated water
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intended for populations, the samples water werd ke the dark without removing their
remaining 2 to 3 mg/L of ¥D,. This remaining amount of J@, ensures a residual effect on
the photo-Fenton treatment. The monitoring of tbEdual content has shown that it was no
more detectable after 48 to 72 h. The concentraifcsome physico-chemical parameters of
the water (HC@, CQOs*", NO,", NOs~, NH,", turbidity and total iron were evaluated before
and after the treatment. The pH and temperaturdugmo during the treatments were
successively recorded. The Wolfram Mathematicaa®® MS-Excel programs were used for

data analysis and graphs fitting.

5.3. RESULTS

5.3.1. PHYSICO-CHEMICAL CHARACTERISTIC OF WATER

The experiments were conducted on two natural wedler of Ouagadougou (Burkina-Faso,
West Africa) from July to October 2011 (raining s@a). The photo disinfection of water
sample from both wells were previously conductednduthe summer season and their results
were published (Ndounlat al, 2013). They had an initial temperature range @fIC3 Rain
water infiltration significantly diluted the chenailccomposition of the wells water used in this
study. In fact, in contrast to the ones obtainednduthe summer season, lower concentration
were recorded in almost all the cases as presémtadhle 5.1. Both water sample were clear
with a turbidity range between 1-4 NTU far belowe ttritical limit for solar disinfection (30
NTU) (Meierhofer and Wegelin, 2002). The dilutiohtbe water highly affects the total iron
(FE" 3%, concentration and only 0.03-0.05+0.01 mg/L an61@.04+0.02 mg/L were
recorded respectively for W1 and W2. The evaluatagdnthe impact of this low iron
concentration on the efficiency of the photo-Fend@infection will be useful on establishing
the vulgarization perspective of this treatment3ahelian region. Acidic pH ranges (4.6-5.7)

were recorded in both wells water as it was the caging the summer season (dry season).
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The difference noticed between bicarbonate conatotrs (1.22-4.88+1 mg/L for W1 and
34.16-42.2+1 mg/L for W2), have significantly inflaced the pH variation during the photo-
disinfection. The pH increase during the first 30nm all the cases was followed by a
decrease for both solar and photo-Fenton disirdeatf waters from W1 in contrast to the
plateau recorded after the increase in waters WM(Fig. 5.1). CQ degassing process has a
significant impact on the alkalinity of the watexcorded at the end of the photo-disinfection.
The evolution in W2, put in evidence the impactleé buffering effect of HC® in the pH
regulation during the photo-disinfection. In costran W1 the pH decrease recorded after the
initial increasing state is certainly due to thetfdnat the low HC@ content of the water was
not enough to ensure sufficient buffering effea amaintain it at high level as it is the case in
W2. As suggested by Rincon and Pulgarin (200718 efifect of the HC® concentration in
chemical variation of the solution will certainlyfiuence the inactivation rate of both photo-

disinfection process.

Table 5.1 Physico-chemical parameters of the samples water

Tanghin (W1) Nonsin (W2)
Raining season Summer Raining season Summer
seasoh seasoh
pH 4.6-5.1+0.02 4.9-5.5 5.6-5.7+0.02 6.1-6.3
Initial temperature (°C) 30+1 29-30+1 301 29-30+1
Temperature (°C) after 2 h of
40-44+1 > 45 40-44+1 > 45
treatment
Total Iron (mg/L) 0.03-0.05+0.02 0.05-0.09 0.01-0.04+0.01 0.07
Turbidity (NTU) 1-4+2 <10 1-4+1 <10
Bicarbonate (HC®) (mg/L)  1.22-4.88+1 - 34.16-42.7+1 -
Carbonate (C®) (mg/L) 03 - 03 -
Nitrite (NO;) (mg/L) 0.02-0.06+0.01 - 0.02+0.01 -
Nitrate (NG (mg/L) 82.1-95.5+0.2 - 89.7-96.1+0.2 -
Ammonia (NH;") (mg/L) 0.9-1.1+0.1 - 0.13-0.15+0.01 -
116
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Y(Ndounlaet al, 2013),°CO; are generated from HGOnN water, when its pH is greater or equal to §8e
water samples used in this study have an acididgading to no carbonates ions.

55 7 8,5 7
W1 W2
5,4
’ 8 _
5,3
5,2 7,5 -
5,1 7
5 5 > 5 —4—10-14h Solar light
4,9 6,5 7
’ . == 10-14h Photo-Fenton
48 ==@==10-14h Solar light 6
4, |  —W10-14hPhoto-Fenton 12-16h Solar light
4'6 12-16h Solar light 5,5 - «=é=12-16h Photo-Fenton
’ =>¢=12-16h Photo-Fenton
4'5 T T T T T T T 1 5 T T T T T T T 1
0 60 120 180 240 0 60 120 180 240
Time [min] Time [min]

Figure 5.1: pH evolution during the photo-disinfection durimgining season of wells 1 (Tanghin)
and 2 (Nonsin) under solar light exposure and redythoto-Fenton recorded at different day time’s
intervals. Bicarbonate (HC{Q concentration: in W1 (1.22-4.88+1 mg/L); in W24(36-42.7+1
mg/L).

5.3.2. DISINFECTION EXPERIMENTS IN THE CPC (FIELD SCALE)

At field scale, 25L of water were disinfected i tGPC solar reactor by soldnf or photo-
Fenton (HO./F€**/hv) disinfection. Considering the natural iron conseaf the water (Table
5.1), the photo-Fenton disinfection was inducedaldging 10 mg/L of KO, in the water
sample prior to the exposure. The curves in Fig¥812W2 and Fig.5.3-W1-W2, presents the
inactivation kinetic of both enteric bacteria invedl in this study under solar and photo-
Fenton disinfection. On each figure, the empty syisilare for total coliform&. coli strains
while the full symbols are foGalmonellaspp. strains. The solar disinfection process is
illustrated by the traces (/@) while those of the photo-Fenton disinfection maees [(I/H).
The intermittence between high solar illuminatiord a&loudy sky has affected considerably
the irradiance recorded during the treatments 3ReW1'-W2' and Fig.5.3-W1'-W2’). The
impact of irradiance (W.i) on the cumulated dose, temperature rise and quesdy the

disinfecting processes are presented in the foligwsiections.
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5.3.2.1. EXPERIMENTS CONDUCTED FROM 10-14H

The irradiance recorded for sole solar radiati@ndiection experiments carried out in sample
water from W1 during the time interval’'s 10-14h wéiuctuating between 25 and 30 Wm
The temperature rise remains below 40°C duringmigr part of the exposure period. This
situation was certainly due to the regular intetemte between a cloudy and sunny sky,
which has reduced the IR ability limiting the thedneffect of the radiation. The cumulated
total dose recorded at the end of this exposuréogevas 250 Wh.ii (Fig.5.2-W1)).
However, these conditions were not sufficient tsuea the total inactivation of the enteric
bacteria contents of the treated water. Only thal tooliformsE. coli strains were totally
disinfected at the end of the 4 hours exposure§RgN1, traces()). The Salmonellaspp.
strains concentration is remained up t§ CFU/mL in the treated water (Fig.5.2-W1, traces
(®)). The irradiance available for sole solar radiatdisinfection of sample water from W2
during this time’s interval was higher than the @vailable for W1. However, it fluctuated
between 34 and 42 W:frduring the first 2 hours of exposure and betwegmrdd 30 W.rif
during the last 2 hours. This higher irradianceoeisded to the increase of temperature to
45°C, which can enhance the thermal effect, hasfgigntly affected the inactivation kinetic
of the total coliformd. coli strain. Comparatively to the previous situatioserved with W1,
their total inactivation was achieved in approxiehat120 min (Fig.5.2-W2, traces)j).
Nevertheless, as in the previous case, the fluotuaif the solar irradiance has negatively
affected theSalmonellaspp. inactivation as more than*XDFU/mL of this strain is remained
alive in the treated water at the end of the expogtig.5.2-W2, traces¥)). The cumulated
total dose of solar radiation recorded at the driti@exposure for both sole solar and photo-

Fenton disinfection was approximately 270 WR.(&ig.5.2-W2’).

As recorded during the sole solar disinfection, ithtermittence of cloudy and sunny sky

during the exposure period 10-14h has negativelgcedd the photo Fenton disinfection
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process too. The high fluctuation of irradiancewssn 13 and 45 W.fhhas led to
approximately 250 Wh.ih of total cumulated dose at the end of the exposBimilarly,
temperature rises up to approximately 40°C as tieerecorded under sole solar disinfection
was noticed (Fig.5.2-W1’). The negative effectstlodse weather conditions on the photo-
Fenton process are pointed out by the sole indiiivaf the total coliform$. coli strain at
the end of the 4 hours exposure (Fig.5.2-W1, trécBs TheSalmonellaspp. strain remained
as in the previous cases more thah@BU/mL in the treated water at the end of the exp®

(Fig.5.2-W2, tracedR)).

During the photo-Fenton disinfection of sample wétem W2 at the same time period, the
general situation was approximately the same apita@ous one with W1. The cumulated
total dose at the end of the experiments was 270m#/{Fig.5.2-W2"). The temperature
increase to approximately 43°C during the exposagsociated to high fluctuation of the
irradiance from 32 to 18 W.f In these conditions, total coliforn&s/ coli strain sustained
their total inactivation in approximately 60 minhd slight enhancement of the photo-Fenton
process in W2 comparatively to the situation in WHifficult to explain as W2 has higher
contents in HC@ (Table 5.1) which in principle quenches the oxidatspecies (especially
‘OH) generated during the photo-Fenton process @(Riremd Pulgarin, 2007b). The overall
inefficiency of the photo-Fenton process in bottisweater could also be related to the diluted
state of the sample water during this raining segsery low iron contents) as presented in

table 5.1 comparatively to its composition durihg summer season (Ndouetaal, 2013).
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Figure 5.2: Inactivation of the wild enteric bacteria of wellsand 2, from 10-14h under direct solar
radiation during the raining season. Addition of &®/L of H,O, to the water before the photo-
Fenton experiments considering the natural iron) (E@ntents of wells both waters 0.03-0.05+0.02
mg/L for W1 and 0.01-0.04%£0.01 mg/L for W2. Totaldorms/E. coli () andSalmonellaspp. @)
under photo-Fenton (natural ¥€*/H,0,/hv), total coliformsE. coli (©)) and Salmonellaspp. @)
under direct solar radiation (natural’®é*hv). (’) evolution of water temperature [T°C], irratice
[W.m?] and cumulated total dose [Wh#hduring the treatments; SL: direct solar radiatid?F:
photo Fenton

5.3.2.2. EXPERIMENTS CONDUCTED FROM 12-16H

During the uniquely solar and photo-Fenton disitiéecof water from W1 conducted from
12-16h, the weather conditions were approximatkety game for both cases. Temperatures
were still below 40°C during the experiments (Fig-®/1’). The weather conditions were
particularly unstable during this time period, asated to the diluted composition of the
water, they have negatively influenced both phasiafection processes. None of the enteric
bacteria strains were totally inactivated at thd ehthe both processes (Fig.5.3-W1). The
stable irradiance at approximately 40 W.muring the first hours of the solar disinfection

carried out with W2 water from 12-16h, following fitg decay to approximately 25 Wm
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after 2h30 has induced the total coliforBas¢oli strain inactivation (Fig.5.3-W2, traces)).
After a slight increase in both photo-disinfectiegstems, the temperature of the water
remained below 45°C. The cumulated total dose dswbat the end of the exposure was 220
and 270 Wh.f, for sole solar disinfection and photo-Fentontiret respectively. The bad
weather conditions recorded here, did not favorsyergetic effect between the irradiance
(related to UV and visible part of sunlight) anderimal action (T°C) in both photo-
disinfection processes. Tlsalmonellaspp. strains concentration remained up tbh@alBu/mL

in the sample at the end of the exposure (Fig.523ivdces @)).

At the beginning of the photo-Fenton disinfectiouridg this time interval, the irradiance
available was more than 45 W4rleading to the total inactivation of the totalifayms/E.
coli strains in 60 min. The slight fluctuation of thmiliance between 37 and 30 W-rluring
the second hour of exposure followed by its dradicrease to approximately 12 W-rat the
end of the experiment did not favor the inactivatad the resistant strains 8almonellaspp.
and approximately fOCFU/mL remained in the water at the end of theosype. The
inefficiency of the photo-Fenton process in thatiment of wells water during the raining
season, as presented on these results, is ndhberédated only to the optical parameter of the
solar radiation alone, but also to the dilution pbfoto-actives chemical component of the
water. Iron and others metallic ions were highliteédd by the rain water during this season
(Table 5.1), it can be suggested that the ironesuatof the water was not enough to ensure the

fast turnover of the Fenton reagent in the illurtedasystem.
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Figure 5.3: Inactivation of the wild enteric bacteria of wellsand 2, from 12-16h under direct solar
radiation during the raining season. Addition of &@/L of H,O, to the water before the photo-
Fenton experiments considering the natural iron) (E@entents of both wells waters 0.03-0.05+0.02
mg/L for W1 and 0.01-0.04%£0.01 mg/L for W2. Totalldforms/E. coli () andSalmonellaspp. @)
under photo-Fenton (natural ¥€*/H,0,/hv), total coliformsE. coli (©)) and Salmonellaspp. @)
under direct solar radiation (natural®é*hv). (’) evolution of water temperature [T°C], irraice
[W.m] and cumulated total dose [Wh7hduring the treatments; SL: direct solar radiatid?F:
photo fenton.

5.3.3. POST-DISINFECTION EVENTS

The bacteriological analysis of the sample watemfithe flask kept in the dark for 24 hours
after specific exposure time (table 5.2) brings thet positive effect of the continuous Fenton
reaction in the dark after the photo-Fenton disiném. Considering the duration of the water
exposure to solar irradiation before their storagihe dark, the total inactivation of the entire
enteric bacteria contents of the sample were recbad different times following the photo-

disinfection process involved. After 10 min of espoe only, none of the enteric bacteria

strains were recorded totally inactivated during sihorage for all the water samples in both
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photo-disinfection processes. Reported by Bereéeyal. (2006) as resistant to photo-
disinfection, theSalmonellaspp. strains have confirmed this state after ¥pogure to sole
solar radiation by recovering their viability caggaduring the storage in all the cases. In
contrast the total coliforms bacteia/coli strains after being shocked by the ROS under
exposure to sole solar radiation for maximum 90 mimwater from W2 and 150 min in W1
were lethally affected and loss their viability ohg the dark storage. However, considering
the fact that theSalmonellaspp. strains exposed to sole solar radiation ditl gshow
continuous and total inactivation during the steraipe water treated by this process during
the raining season could not be considered adytalizinfected and cannot be recommended

for consumption.

It is however, interesting to notice that the comtius Fenton process during the dark storage
led to complete the photo-Fenton inactivation atéd during the exposure to intermittent
solar radiation in almost all the stored samplee Tdtal inactivation of both enteric bacteria
during the storage was recorded after 20 min obswpe in most of the cases. However, more
exposure time was required in water from W2 for thsistant strain oSalmonellaspp.
during the exposure period 10-14h, as a minimudbaiin exposure was needed to get their
total inactivation during the subsequent 24h ofkdstorage. The complete inactivation of
both enteric bacteria in all the samples subjettephoto-Fenton disinfection during the 24
hours of dark storage bring to the assumption tti&atcontinuous Fenton reaction in the dark
could efficiently help to fulfill the photo-Fentatisinfection of drinking water source during

the raining season without the need of extra chanaddition.
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Table 5.2: Enteric bacterial regrowth evaluation (total cofifts bacterigZ. coli and
Salmonellaspp.), after the photo-disinfection and neutraltpkFenton treatments of natural

well water with or without HO, (10 mg/l) under direct solar light.

. Tanghin (W1) Nonsin (W2)

E 10-14h 12-16h 10-14h 12-16h
o Solar Photo Solar Photo Solar Photo Solar Photo
g Disinfection Fenton Disinfection Fenton Disinfection Fenton Disinfection Fenton
2L S L EL 5 ouEe E LGy F LS
= %) 2 0 2 %) 2 0 2 ) 2 0 2 %) 2 0
0 + + + o+ + + + 4+ + + + o+ + + + o+
10 + + + o+ + + + 4+ + + + o+ + + + +
20 + + - + + - - - + -+ + + - -
30 + + - - + + - - - + -+ + + - -
45 + + - - + + - - - + - - + + - -
60 + + - - + + - - - + - - + + - -
90 + + - - + + - - - + - - - + - -
120 + + - - - + - - - + - - - + - -
150 - + - - - + - - - + - - - + - -
180 - + - - - + - - - + - - - + - -
240 - + - - - + - - - + - - - + - -

—: no regrowth of bacteria after 24h, +: regrowthbacteria after 24h, TEc.: total coliformsE. coli, Sspp.:
Salmonellaspp.

5.3.4. OXIDO -REDUCTION OF NITROGEN COMPOUNDS IN THE WATERS
DURING THE TREATMENTS

The health risk related to high nitrite or nitrat@ drinking water is mostly
methaemoglobinaemia or in critical cases cancem@\ al, 2011). The evaluation of the
impact of photo-disinfection treatment on the rggn component of water destined to human
consumption is then highly important before considgthe vulgarization of the process to
the users. The catalytic transformation of ammonication in raw water may lead to
increased nitrite concentration in drinking-waté&/HO, 2003). This could be linked to the
ammonia photo-oxidation by OHvhich generates NO and NQ™ (Eg. 5.6) (Britoet al,

2010). However, it is also reported that, the pbleéonical reduction of N§ in natural
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waters leads to N©O, OH", and OH, while that of NQ™ leads to NO, OHand OH (Eq 5.7-
5.8) (Kotziaset al, 1987; Fanning, 2000). The impact of this redotivaes is illustrated
here by the results of the comparative evaluatiothe initial (before the photo-disinfection)
and final (after the photo-disinfection) concentmatof this nitrogen component in the sample
water during the treatment of both wells watercdh be noticed as presented on Figure 5.4
that the redox activities interacting between theawe led to several variations of their final
concentration. The increase of nitrite concentretion all the cases after both photo-
disinfection processes is however remarkable. Rataly, this increase remains far below the
health-based guidelines recommended by the WHOdfmking water (3 mg/L) (WHO,
2011b). The major biological effect of nitrite imdnans is its involvement in the oxidation of
normal Hemoglobin (Hb) to Methemoglobin (metHb), igéhis then unable to transport
oxygen to the tissues. High nitrate concentratabgve 100 mg/l, is an important cause of
metHb formation (WHO, 2011b). Nitrates in the saie from various origins; it could be
from humus degradation, fresh or composted natoirghnic matter. Their infiltration in
wells’” water can induce high concentrations (WHO1Db), as the one recorded in both
wells’ water used in this study which is greateartithe restrictions of the World Health

Organization (WHO) guidelines for drinking wate0(@&g/l).

NH;" < NH3; + OH — NH,OH — NOH — NO — NO, <> NOs~ (5.6)
NOs; + H,O +hv— NO,” + OH + OH (5.7)
NO, + H,O +hv— NO + OH + OH (5.8)

Very low amount of ammonia has been detected ih balls' waters used in this study. In
accordance, no health-based guideline has beearipexs for ammonia in drinking water by

the World Health Organization (WHO) because it sifiss it as an esthetic quality
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component without a direct importance for healthhi@ concentrations regularly recorded in

natural drinking-water (WHO, 2003).
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Figure 5.4: Evolution of nitrite (a), nitrate (b) and ammon(i@ concentration during the sole solar
and photo-Fenton disinfection of two natural welisater from Tanghin (W1) and Nonsin (W2)

district of Ouagadougou. (Notice that the differenio the initial concentration of each chemical
component in the results presented here are relatd@de fact that new water sample was collected
and used for each new experiment).
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5.3.5. PHOTO-DISINFECTION OF ENTERIC BACTERIA DURING THE SUMMER
SEASON COMPARATIVELY TO RAINING SEASON

During summer season 2011, significant inactivatiae of both wild enteric bacteria were
obtained during the photo-Fenton disinfection oftewafrom W1 in the CPC. Total
inactivation of both enteric bacteria (Salmonelp@.sincluded) was also obtained during the
solar disinfection in CPC of water from W1 at tlaane period (c.f. Chapter 3, Fig. 3.3). The
deficiency noted in both photo-disinfection proesssduring the raining season 2011
presented in this study in comparison to the previsuccessful ones conducted during the
summer season, highlights the parameters whichienéle in first order, the efficiency of
these processes at field scale. During the sumessos 2011, the total inactivation of the
entire enteric bacterial content of the water saniSkhlmonella spp. included) were achieved
in 120 min under photo-Fenton disinfection initct 8 o’clock in the morning for 6 hours
exposure. The high, intensive and stable irradiavedable in this season, was leading to fast
temperature rise and consequently a synergistioradf optical and thermal inactivation
were noticed. This effect was enhanced when thetoptiisinfection experiments were
initiated at 10 or 12 o’clock. The total inactivatiof the enteric bacteria contents of the water
samples was achieved after approximately 90 andhibrespectively for the experiments
which were began at 10 and 12 o’clock (c.f. Chatefig. 3.3). From the observed results
and considering the impact of the worst weatheditmms on efficiency of the photo-Fenton
in this study, the availability of high, intensedastable irradiance acting as optical effect
could be consider as the principal factors of ifice of the process. Noticed that, this
irradiance has significant impact on the tempeegaincrease and consequently on the thermal
effect. In last, the cumulated total dose of thlarscadiation recorded during the effective
disinfection time (EDT) of both enteric bacteriaridg the summer season was very low (c.f.
Chapter 3, Fig. 3.3) comparatively to the one réedrfor the total coliforms/E. coli only

during the raining season in this study. These wlsiens confirm that the dose did not have
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a particular influence on the photo-disinfectiorpasviously noticed (c.f. Chapter 3, Fig. 3.3).
Therefore, this parameter cannot be consideredrsh drder, for monitoring of the photo-

Fenton disinfection.

5.3.6. EFFECT OF INTERMITTENCE ON INACTIVATION MECHANISMS

As optical and thermal inactivation mechanismsiavelved simultaneously to induce lethal
damage on bacteria under sole solar disinfectlu pticterial inactivation cannot be linearly
proportional to the light intensity only. Considegithe situation where several intermittence
of cloudy and sunny time’s are involved in the ghdisinfecting system as the one observed
in this study, the capacity of the bacteria or oth&roorganism to escape the ROS attack can
significantly affect the kinetic of the process. jmesence of resistant strains such as
Salmonellaspp. the probability to have a negative resuthasone obtained her is really high.
The inactivation of the total colifornts/ coli strains were recorded in some cases certainly
due to the fact that it's the most weakened stddithe enteric bacteria involved in the
solution and were then more sensible to the RO8ade Rincon and Pulgarin (2004a) have
made the same assertion on the negative effetieahtermittence of several short exposure
times on the efficiency of photo-disinfection. Thiegve noticed that this situation favor the

bacteria ability to repair light-induced oxidatiseess.

5.3.7. PATHWAY OF THE ROS ATTACKS

When concentration of ROS increases to a levelaketeds the cell's defense capacity, this
is called oxidative stress (Cabiscet al, 2000). When this increase is caused by the
generation of ROS due to solar radiation and threikaneous photo-inactivation of catalase
and SOD as well as the internal photo-release of Bes can be referred to photo-oxidative
stress Reect al. (2000). Both, a transient iron (€™ *) overload as well as increased

internal HO, concentrations can be induced by solar radiatiod produces strongly
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favorable conditions for the production into thél cé highly reactive’OH and other toxic
oxygen species (Egs. 5.1-5.4). Even though theriatgeneration of the Ee ** or H,0,
depends on irradiation, the resulting reaction &f Rvith H,O, can also take place in the
dark, once the reactive are available unless th&tophduced cellular dysfunctions are
repaired. However, the synergistic effect of theaicellular presence of &, and UVA and
visible light which arises from the photo-inactiet of catalase and SOD (enzymes) and the
toxic effect of the intracellular presence 0$G4 and iron has an highly lethal effect on
cellular DNA (Eisenstark, 1998; Imlay, 2008). Thetgntial toxicity of the reactive oxygen
species (ROS) such as®4, to cells is directly linked to the intracellulaoncentration of

iron, as a partner of the internal Fenton reaction.

The rate of the generation ®H and the cellular damage which is consequenthsed in
presence of ROS, such agQ4 and Q™, depends on the availability of free or looselyihd
iron available to undergo the Fenton reaction Wtb,, as well as the site of formation of the
resulting radical. In effect, under solar radiatieeg* can be directly liberated when UVA
light damages iron containing proteins such asrehgetin or ferritin (Hoerteet al, 1996;
Tyrrell et al, 2000). Further, similarly to £, H,O, can cause the oxidation of iron sulfur
clusters ([4Fe-4S]) and the release ofFewhich if reduced to F& contributes to
intracellular Fenton reactions (Imlay, 2003). Ajongoortion of the toxicity of HO, in E.
coli is attributed to DNA damage mediated by a Fent@ttien that generate®©H and a
whole series of other radical reactions, whefOHreacts with F& via the intracellular
Fenton reaction Haber and Weiss; (Imlay and Lir#88). While HO, is a relatively stable
oxidant, 'OH is an extremely powerful oxidant that reactsaarly diffusion-limited rates
near the site of its formation and is very effeetifor initiating lipid peroxidation chains.
Therefore, iron as a partner for the Fenton reagtiays also an important role in the photo-

oxidative stress induced cellular damage by caitadythe propagation reaction (Gutteridge,
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1982). The presence of an excessive intracellukfi Eoncentrations can lead to the
generation of OH via intracellular Fenton reactions when reactimigh metabolic HO,
(Imlay and Linn, 1988; Imlay, 2003; Imlay, 2008)néFefore, F& has highly bactericidal
properties in some circumstances as it can be widen well waters which contain little

oxygen and therefore stable’Fé€Touati, 2000).

5.4. CONCLUSION

The weather variation, especially during the raniseason, did not lead to sufficient
conditions to ensure the normal solar disinfectibhe efficiency of the photo-Fenton was
also significantly reduced under these bad weatbaditions. However, the opportunity to
achieve the full disinfection of the enteric baigewith the continuous Fenton process during
the dark storage, gives the presumption to constter possibility of exploiting the

complementarities of the photo-Fenton and Fentoocqgsses to ensure an efficient

disinfection of the drinking water source in Saaelregion during the raining season.

The Salmonellaspp. strains exposed to sole solar radiation dtcshow continuous and total
inactivation during the storage as it was the dasé¢otal coliformsE. coli. Therefore, water
treated by this process during the raining seasafdmot be considered as totally disinfected
and cannot be recommended for consumption. Thedtgdathe available irradiance on the
efficiency of the photo-Fenton disinfection of natluwater was highlighted during the
exposure under high intermittent solar radiatioonsidering it high impact on the photo-
disinfecting process conducted during the summeasaeg it should be consider as the

principal parameter of the process.

The negative effect of the very low iron contentghe entire sample water treated in this
study; it is assumed that the Fenton reagent wasnough to ensure significantly the photo-

Fenton reaction during the exposure. From this mlsen, we suggest for further evaluation
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of the photo-Fenton disinfection of water during thaining season, to update the iron
contents of the sample before the treatment atofiienum level recorded in such water
during the summer season to ensure the availalmfitthe Fenton reagent in the water.
However, considering the fact that the continuoaatén, reaction during the dark storage
ensure with the residual,B, contents of the water the total inactivation oérttire enteric

bacteria contents, the photo-Fenton treated waitkr wery low natural iron content carried

out during the raining season could be kept formgete disinfection during the storage (24h).

The possible impact of the HGQroncentration of both wells’ water on the evolatiaf the

pH during the photo-disinfection was recorded, vaittirastic decrease noticed after the initial
fast increase in presence of low HE@oncentration while a plateau was observed in
presence of higher concentration in all the calsesvever, further research on the different
parameters of the photo-disinfection which coulfluence the pH evolution during the
process should be conducted to confirm this asserihe redox activities of the nitrogen
components of the water during both photo-disindectprocesses has led to increase
concentration of nitrite in all the cases and \ares were noticed in that of nitrate and
ammonia. Fortunately, the nitrite increase remdarsbelow the restriction of the WHO.
However, it should be useful to investigate on impact of this redox activities on the

byproducts of the photo-disinfected water.
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6. GENERAL CONCLUSIONS AND
PERSPECTIVES

6.1. GENERAL CONCLUSIONS

Throughout this study, several trial experimentshef solar photo-disinfection were carried
out. After the systematic assessment of the preseaslaboratory scale on a solar simulator,
specific experiments were conducted at field scal@ compound parabolic collector (CPC)
solar reactor. It has been noticed at laboratoajesi the solar simulator, that the efficiency
of the photo-Fenton was more significant in natwaters with low natural iron concentration
compared to the system containing simulated watiter added iron. It was also noticed that
the enhancement of the photo-disinfection by ph#nton under solar simulator was
efficient with very low HO, concentration (4 mg/L). However, at field scalehe CPC, the
high oxygenation of the water due to its recirdolathas lead to a fast degradation gOhl It

was no more detectable after 2 to 3 hours of iatamh, when it was performed with an initial
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concentration of 5 mg/L. To overcome this lack ofOpl in the system, an optimal
concentration of 10 mg / L was efficiently usedalhthe remaining experiments. Significant
influence of the solar irradiance but not the deses noticed during the process. Higher
irradiance level leads to less effective disinfattiime and dose required in order to achieve
bacterial disinfection. The photo-disinfection traant was efficiently enhanced by photo-
Fenton at alkaline pH. Solar irradiance was reabrde the key factor for both photo-
disinfection processes (bare solar and solar edldamath photo-Fenton). However, the
effectiveness of the processes decreased wheedaut under a low solar irradiance (of less

than 12W.rif) and a temperature of less than 40°C.

Moreover, it was observed that the photo-Fentorrgs® ensures the irreversible inactivation
of the enteric bacteria. The resistance of 8amonellaspp. strain under uniquely solar
disinfection treatment was also recorded. All tlaenple treated without addition of,&,
(photo-Fenton) showe&almonellaspp. regrowth after 24h of dark storage. The méutr
photo-Fenton treatment has significantly enhanbedractivation rate of the disinfection in
all cases, without the need to reach 50°C, as medjdor classical SODIS bottles process.
None of the enteric bacteria strains (total cofiE. coli and Salmonellaspp.), showed
regrowth one week after the photo-Fenton treatmenérefore, to efficiently disinfect the
water under uniquely solar radiation, it is impattéo expose it for more than 4 hours under
high solar irradiance and impose a temperatureeass of up to 45°C, to ensure the

simultaneous irreversible inactivation of totaliftmin/E. coliandSalmonellaspp.

The pH becomes more alkaline during both neutratgirenton and solar treatment. This pH
increase was not detrimental to the photo-Fentah lmare solar disinfection, and could be
beneficial for the Sahelian groundwaters whicharginally acidic. The water quality could
simultaneously be improved through photo-Fentomfi#istion. Moreover, an effect of the pH

on the sensitivity of the enteric bacteBalmonellaspp. to photo-disinfection was observed
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during this study. A better inactivation rate thfan coliformsk. coli at near-to-neutral pH
(W2, pH: 6.3) (cf. Chapter 2) and at alkaline pH6}8cf. Chapter 4) was shown. This side
effect could be useful for the application of thgess. The regrowth &almonellaspp.
strains during the storage after bare solar distide negatively affected it efficiency. With
the record of their sensitivity at near-to neutnablkaline pH, the possibility of improving the

guality of the water during the photo-disinfectitwy,enhancing the pH, should be considered.

Significant variations of the nitrogen compoundsitest during both photo-disinfection
processes (uniquely solar, photo-Fenton) were decbrThe oxido-reduction of nitrates and
nitrites and the oxidation of ammonia during theatment (increase of nitrates and nitrite and
decrease of ammonia), has highlighted the podsibilf photo-disinfection by products

generation during the treatment.

6.2. PERSPECTIVES

Before the tested system with photo-Fenton carppéeal for the treatment of drinking water

at large scale, following researches should be wcted.

- The cost estimation of the photo-Fenton treatménpaant-of use level with the
optimal volume of water which could be treated, ¢hst effectiveness (price/liter), the
optimal set-up (e.g. semi-enhanced and househwoéd;-l@ssociated costs/liter) and
operation and maintenance requirements.

- The evaluation of the optimal and/or minimum iroancentration to ensure an

effective photo-Fenton disinfection during bothsme (summer/dry and raining)
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- The evaluation of the water quality after the phiéémton treatment to ensure its
acceptance by the users followed by the evaluatidhe sustainability of the process
in a target population.

- The characterization of nitrite and other nitroggyproducts formation during the
photo-disinfection and the fate of heavy metalg.(arsenic) during the process with
the evaluation of their possible health impact.

- The effect of the NOM and the chemical compositadnnatural water especially
HCOs; contents, on the photo-Fenton process, followedhay evaluation of their
impact on the pH evolution during the photo-disatiieg treatment.

- Evaluate of the possible sources oo production at point-of-use level as well as the
conception and production of hydrogen peroxideepelin easily usable dose for

photo-Fenton treatment which could help to fad#itiss vulgarization.
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Iron photo-assisted inactivation of wild enteric bacteria (total coliforms/E. coli and Salmonella spp.) was
carried out in water from the Sahelian wells having different pH (W1: 4.9 and W2: 6.3) and a natural iron
content of 0.07 mg/L. We evaluate the efficiency of the disinfection on different systems containing both
or only one Fenton reagent (H;05/Fe*): (i) Hy04/Fe?*[hv, (ii) Fe**[hv, (iii) H;04/hv, and (iv) only light
irradiation (hv) at lab and field scale. Generally, 0.6 mg/L of Fe?* and/or 8.5 mg/L of H,0; were used in the
Fenton reagent. The systems H,0:/Fe?* [hv and H20,/hv led to total inactivation of Salmeonella and E. coli.
The natural iron content (0.07 mg/L) was enough to drive an efficient photo-Fenton process leading to
total bacterial inactivation. Our results show that: (i) the iron salt present in Sahelian water is enough
to perform a photo-Fenton disinfection of drinking water when adding H. 0., (i) addition of external
iron salts at near neutral pH has no additional effect on the bacterial photo-Fenton inactivation process.
Alfter one week of storage, no enteric bacteria re-growth was observed in treated waters. Mechanistic
suggestions are presented to explain the observed results.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The use of solar energy for water freatment is a new and
promising alternative to the disinfection of drinking water. Solar
disinfection (SODIS) was first used in 1980 to produce re-hydration
solutions for children suffering from diarrhea in Beirut [1]. The
SODIS treatment involves the use of transparent plastic bottles
(Polyethylene Terephthalate (PET) of 1-1.5L) filled with water
and exposing them to sunlight for at least 6h depending on the
meteorological conditions. The inactivation or death of pathogenic
microorganisms is achieved by the synergistic effect of radia-
tion and heat [2-4]. Underexposure and bacterial re-growth result
in incomplete bacterial inactivation [5,6]. Improvement of the
SODIS treatment includes the use of black backs bag [7] or the
TiO; photocatalytic processes [8-10]. Recently, the photo-Fenton
system (FeZ*/H,05/hv) has been shown to increase the solar
photo-inactivation of Escherichia coli at near-neutral pH [11-13].

* Corresponding author at: Ecole Polytechnique Fédérale de Lausanne, Insti-
tute of Chemical Sciences and Engineering, GPAQ, Station 6, CH, 1015 Lausanne,
Switzerland. Tel.: +41 21 693 47 20; fax: +41 21 693 6161.

E-mail addresses: juliette.ndounla@2ie-edu.org, juliette.ndounla@epfl.ch
(). Ndounla), Cesar.pulgarin@epfl.ch (C. Pulgarin).

0926-3373/3 - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcatb.2012.09.016

Hydrogen peroxide (Hz0z) significantly increased the photocat-
alytic inactivation process in natural water containing natural iron
[14]. The Fenton reagent generates the highly reactive *OH via the
Haber-Weiss reaction [15]:

Fe?* + Hy0; — Fe3* 1 *0OH + OH- k=53-76M~'s! (1)

During the Fenton process, Fe2* can be regenerated from Fe3* in
the presence of H203:

Fe3* + Hy0y — Fe?*HOy* + H* k=1-2x102M1s! (2)

But the Fenton process is limited by the Fe* regeneration of
Fe3* (Eq.(2)). This drawbackis partially countered by photo-Fenton
reactions. In fact, under illumination, ferric-hydro-complexes or
ferric-organo-complexes in solution can absorb photons and gener-
ate ligand-to-metal charge-transfer (LMCT) reaction in which FeZ*
generating *OH (Eqgs. (3)-(5)), [16,17].

Fe3*(Ln) +hv— FeX*(Ln1) + Lox (3)
[Fe(OH)J%* +hv— Fe** ++0OH (4)
[Fe(OOC-R)J** + hv— Fe?* +CO; +R* (5)

The pH influences the efficiency of the photo-Fenton reagent,
with an optimum level of pH 2.8-3 [18]. Considering this acid-
ity criteria, the photo-Fenton was in the past preferably used for
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the treatment of wastewaters, mainly for the degradation of bio-
recalcitrant organic pollutants via the generated ROS [16,19]. But
the recent discovery of its efficiency at near-neutral pH in the pres-
ence of organic substances [13] gives the possibility of using it in
the treatment of drinking water. The Sub-Sahelian African region
receives about 2500-3000 h of solar radiation annually with more
than 2300 KWhm~2 an-! irradiance in some parts [19]. This natu-
ralillumination with a UV-component represents a powerful intake
to drive photo-Fenton reactions in the region.

Studies on the inactivation of model bacteria (E. coli K 12) by
the photo-Fenton reagent in milliQ water [11,13] or milliQ water
containing simulated NOM [13] and some research on the dis-
infection of wild bacteria in natural water have been reported
[14,20]. This study is related to the inactivation of bacteria in
natural waters. In this study, we address the intervention of
the Fenton (Fe2*/H,0;) reagent-driven bacterial inactivation and
photo-Fenton (Fe2* [H,05/hv) processes on various wild bacteria in
groundwater from wells in Burkina Faso, West Africa.

2. Experimental details
2.1. Reagents and materials

Hydrogen peroxide, 30% (AnalaR Normapur, VWR) and Iron (II)
Sulphate Heptahydrate (FeS047H;0) were used to prepare the
Fenton reagent. During the experiments, Catalase from bovine liver
was used to inactivate the remaining Hy0y, in the treated water
before the bacterial culture. Hydrochloric acid fuming (HCl), 37%
was used for glass-reactor cleaning. Catalase and HCl were from
Fluka Analytical, SIGMA-ALDRICH®,

2.2. Water sampling

Water samples were collected at two household wells from two
sectors in Ouagadougou: well 1 (W1)at Tanghin, sector 30, and well
2 (W2) at Nonsing, sector 21. Water from these wells is used for
cooking, laundry, bathing and occasionally for drinking purposes
during the recurrent water shortage period. Samples for lab exper-
iments were collected from the water sources with two PET bottles
(1.5L) 1 h before the beginning of the process. One bottle was used
to determine some physico-chemical parameters and the other for
the disinfecting experiments. Water for field experiments was col-
lected only from W2 with a 20-L plastic jerrican. In situ temperature
was monitored.

2.3. Bacterial strain and growth media

The wild bacterial strain monitored in this study was the fecal
indicator bacteria coliforms/E. coli, and Salmonella spp. Microbiol-
ogy Chromocult® (Merck KGaA), was used for bacterial plating. The
Chromocult is a selective and differential growth media. It selec-
tively inhibits growth of the non-enteric bacteria. As experiments
were conducted with natural water, considering their initial enteric
bacteriacontents, no dilution was realized before the bacterial plat-
ing. 100 p.L of sample water were inoculated in the growth medium.
Considering the selectivity of Chromocult, the detection limit of
enteric bacteria was 0 (zero) colony growths observed in the plate.
The differential nature of the medium permits the distinction of
Salmonella spp (colorless), E. coli (purple and pink) and the blue and
salmon colored colonies of other coliform bacteria. The Incubation
period was 18-24 h at 37 °C, allowing the growth of all previously
mentioned enteric bacteria. However, in order to more strongly
represent the decrease of the total coliforms, all the E. coli observed
and others coliforms counted were presented together in this study.

Table 1
Characteristics of some physico-chemical parameters of the water sample used in
field experiments.

Parameters Experiment Experiment Experiment
1(1) 2(2) 3(3)

Turbidity (NTU) 8+02 8+0.2 9401

pH 6.13+£0.05 6.26+0.02 6.14+£005

Temperature {*C) 289402 31.1+02 203+02

Initial iron content (mg/L) 0.07+£0.02 0.07 £0.02 0.07+0.02

Added iron (mg/L) 0.6 06 0.6

Added H;0; (mg/L) 85 85 85

24. Analytical methods for physical parameters of water

Temperature (T °C), pH and hydrogen peroxide evolution were
monitored following Sciacca et al. [14]. Turbidity was measured
with a PCcompact® Turbidity/Triibung, (Aqualitic). The total iron
content was measured with the spectrophotometer HACH 2000,
by the FerroVer method 265. The detection limit of the spectropho-
tometer HACH 2000 was 0.02 £ 0.01 mg/L.

2.5. Helio-photo-inactivation experiments

2.5.1. Laboratory experiments using a solar simulator (suntest)

The photo-inactivation experiments at laboratory scale were
conducted following the process used by Spuhler et al, [13] in a
solar simulator (suntest). The disinfecting efficiency of four photo-
assisted systems combined with both or only one Fenton reagent
(Hy03/Fe2*) in: (i) Hy05[Fe2* [hv, (ii) FeZ* [hv, (iii) Hy05/hv, and (iv)
only light irradiation (hv) were evaluated in parallel with dark-
control experiments: (5) H20,[Fe2*obs, (6) Fe2*[obs, (7) H;05/obs,
and (8) obscurity only (obs). In these systems, hv: refers to illumi-
nation and obs: to obscurity. Glassware for analytical analysis and
reactors were acid soaked after each experimental series to pre-
vent iron cross-contamination (10% HCl, 3 days and nights). After
preliminary experiments the Hy0y dose in this study was set at
8.5 mg/L. The concentration of the added iron was Fe*" (0.6 mg/L)
asevaluated by Spuhler et al.[13]. The initial pH of the water was 4.9
and 6.3 respectively for W1 and W2. Each experiment was repeated
at least three times to ensure the reproducibility of the results.

2.5.2. Field experiment using PET bottles

PET bottles were used for field experiments as they have a rel-
ative good absorbance (Fig. 1c). Only the water from W2 with a
close-to-neutral pH (Table 1) was used at this level. Following the
results of the lab experiments, the system FeZ*/hv was not eval-
uated at field scale and the other systems and their blank were
evaluated in triplicate (Fig. 1a and b) over three successive days
at the end of April 2010. Nine new PET bottles (1.5L) represent-
ing three replications of the systems (H202/Fe2*/hv, H202/hv, and
(hv)) were filled with: Fe* (0.6 mg/L) and H;0; (8.5 mg/L) added
before their exposure to solar radiation. Blank control bottles were
covered with Al-foil and kept in the dark. During the experiments,
solar radiation was recorded following the process used by Sciacca
et al.[20]. To evaluate the bacterial inactivation rate, samples of the
treated water were collected at regular time intervals in a sterile
15 mL Eppendorf for plating. Some parameters of these water sam-
ples are presented in Table 1. The PET bottles were used only once
to ensure the same and relatively good light transmittance (Fig. 1c)
in all the experiments.

2.6. Post-irradiation events
At the end of the irradiation phase of the laboratory experi-

ments, remaining samples from systems 1 and 2 were introduced
into sterile 50 mL Eppendorf flasks and kept in the dark at room
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Fig. 1. (a) 9 PET bottles for the triplicate simultaneous exposure of the systems Hz0z/Fe” [, H202/hv. and hv (irradiation only}. (b) Blank of each system, (c) Absorbance of

different reactor materials { Pyrex, Glass, PET).

temperature varying from 25 to 30" C. For field experiments, each
PET bottle from the exposed and blank tests was closed and kept in
the dark. Re-growth experiments were realized on stored bottles
after 24 h, 72 h and one week. Considering the real scale situation
for treated water intended for populations, the water samples were
kept in the dark without removing their remaining 2-3 mg/L of
H30;. This remaining amount of H;03 ensures a residual effect on
the treatment. However, it was no more detectable after 48-72h.

2.7. Data analysis
The three-way ANOVA Package of the Wolfram Mathematica 8.0

program was used to evaluate the influence of the acidity, bacteria
types and irradiation used on the disinfection rate.
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3. Results
3.1. Physico-chemical characterization

Both water samples used in this study were collected at Oua-
gadougou during the months of March and April 2010 (dry season).
They had an initial temperature of 29 *C and low turbidity < 10 NTU.
The maximum acceptable turbidity recommended for SODIS dis-
infection is 30NTU, [4,6]. The W1 has an initial pH of 4.9 and
a total iron content of 0.06 mg/L; while in W2 the initial pH
value was 6.3 and the total iron content 0.07 mg/L. The concen-
tration of both wild enteric bacteria (total coliforms/E. coli and
Salmonella spp.) was approximately 10° CFU/mL in both water
sources.
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Fig. 2. Inactivation of the bacteria content in sample water from well 1{W1, pH: 49 £0.05) and well 2 (W2, pH: 6.3 £0.05) during photocatalytic treatment in the solar
simulator Suntest. After the introduction of 90 ml of sample water to the 100 ml glass reactor, 8.5 mg/L of Hy 0 and 0.6 mg/L of Fe?” were added to the corresponding systems
and their dark control. During the experiments, water temperature was <45 -C. (o) Total coliforms/E. coli, (b) Salmonella spp. (W) Fe?” [H; 0, /hv, (@) H05/hv, (4 ) Fe?* [hv, (v )hv
only, (T)Fe? {H; 0, (0bs, (()H,02/0bs, (2) Fe*|0bs and () Obs only. Graphics produced by the ListLogPlot function of Wolfram Mathematica software.
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3.2. Experiment under simulated solar radiation

E E my o Y
g 2 B2 2

As it has been reported before [ 13.21], the decrease in CFU/mL of e ¢ &s 23
the samples' enteric bacteria broadly follows the first order kinet- 2 i 2 o =N
ics, based on log-linear plots (Fig. 2). Inactivation rate constants o 8 28 =
observed during the inactivation process reported as k [min—!] 18 2ls =5 g
were calculated by linear regression (Table 2). Considering all =
the systems tested with W1 and W2, only the photo-Fenton 2 - ——
(Fe?*[H,05/hv) and hydrogen peroxide systems (H,0,/hv) lead to 2 s 8 § §
a total inactivation of the fecal indicators bacteria. Irradiation only § # OHH
{hv) and Fe2*/hv, as well as blank systems (H20z/Fe2*/obs, Fe2* fobs, J- 2B BB 3§
H204/obs, obs) show a lower decrease in their active enteric bacteria = ,;: § E = 2
concentration within 2 b irradiation {Fig. 2). e =3 B

I.-
3.2.1. Inactivation in the systems Fe2*/H,05/hv and H;0x/hv g =i %

Considering only the systems in which the total inactivation s s
of the bacteria were achieved (Fe'[H;0,/hv and H,0,/hv), it = & B opH =
can be noticed that in W1 (pH-4.9) the photo-Fentan system = &|8 88 8
(Fez*"HIDE.l'h v) induced a stronger inactivation of the enteric bacte- g i i Al
ria, particularly in the total coliforms/E. coli group. This group has 2
shown an inactivation rate constant of (k- —0.3887 £ 0.005 min—'], = = |gn oo
(Table 2} and their total inactivation was achieved after 30min. 2 E o BE B
In the H,0,/hv system, we have to take inte account the natural E 5 % B
presence of 0.07 mg/L of iron in water. Natural iron confers to this = T & 85 o
system the photocatalytic properties, leading to a high inactiva- £ TE S EI 5| gl
tion rate constant (k-—0.1953 +0.003 min—'). Total inactivation i
was achieved in about 60 min. In both systems, the Salmonella spp. | x nz o
concentration was totally inactivated after about 60 min. ¥ S § S g

The ranking of the two photocatalytic systems considering the E T
inactivation rate constant (Table 2), gives the following for both = il B S

i % - = = o =
wild enteric bacteria at pH 4.9 (W1): % .| & 28 '3
= = I |
k]’::i']'.-'HEDE."hl’ = k202w kfcz*.-'Hzﬂz.-'hﬂ . KHa02/h ;é“
At pH 6.3 (W2), the ranking was as follows: ¥ 5 22 E
E H#  HH O H
k:’el',-"H:Dz,'hl-' = k:bc'l"'h" . ksfz'."'[‘lzﬂza'ﬁ!' L k!f—lzﬂz_-'h:' g 2 E g E E
g g g3 .2

C stands for total coliforms/E coli and 5 for Salmonella spp. 2 &5 5F N

The Salmonella spp. total inactivation was achieved before the %
total coliforms/E. coli group in both systems in approximately 90 3 2 E 5 B
and 120 min respectively. = S oo o

5 TE
3.2.2. Inactivation in the systems hv and in all the blank systems - 22 8B =
(H304/Fe?"fobs, Fe?™/obs, H;0,/obs, obs) ? 2| EE

For water from W1 (pH: £.9), the irradiation (hv) alone and all _’2.: =
the blank systems, gives just a slight inactivation of the total col- a |E - Sl
iforms/E. coli after the 120 min of exposure. The Salmonella spp. £ |=(x|3 28 B
content of the sample show an increase instead of a decrease at the 44 2] ) B
end of the period of irradiation (120 min}, with an increasing rate Z g 2|E B8 B
constant of (k=0.0013 +0.005min~!). Its concentration increased 3: Blals ae S
also in some blank tests carried out in the dark (Table 2). A slight 5 e | R S
decrease was observed both in the Fenton system Fe2*/H202/obs E i e
and the system Fe?* /obs with the same inactivation rate constant G _5 ?-

(k- —0.0080 + 0.006 min—"). s |z - T

The inactivation of the total coliforms/E. coli under hv alone and = = E pE B
in the W2 {pH: 6.3} blanks show a slight decrease as in W1. The = = = ‘;: = 3
Salmonella spp. content in the sample showed a slight increase in = |3 = Ez #
the system hv (k-0.0001 £+ 0.005 min— ). All the blank systems give % z e Be 3
rise to a slight decrease. g

g |z
3.2.3. Inactivation in the systems Fe2/hv E .'%

The system Fe2* [hv did not lead to a total inactivation of enteric ¢ |5 e M
bacteria in both waters (W1 and W2). But a slight inactivation n3T|E £ z=
was observed, as presented in Fig. 2 and by the inactivation rate z E':' = Th TR
constants {Table 2). AR
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Table 3

Three-way ANOVA analysis results,
Parameters DF 55 Ms F P
pH | 21,9308 210308 4866 000X
Bacteria species 1 1201.25 1200125 265 11%
Treatments 1 B26875 826,38 1.B3 18%
pH/bacteria species 1 0675 30675 088 35%
pH/treatments 1 5,13 613 001 W%
Bacteria 1 58521 58521 130 26%

species/ freatments

Error 73 329018 45071 - -
Total 79 57.848.8 - - -

DF; degree of freedom; S§; sum of square; M5; means square; F; Fisher factor (influ-
ence factor); P: probability,

The datashown in Fig. 2 and Table 2, for a single day experiment,
present experiments carried out in triplicate. Experiments were
repeated on three different days and a similar inactivation rate was
observed.

3.24. Influence of pH, bacteria species and inactivation system on
the disinfection

Asignificant difference between the inactivation rate of the total
enteric bacteria concentration of both wells (W1: pH 4.9 and W2:
pH 6.3) was observed when applying Fe¥ {Ha0z/hv and Hy04/hv.
The analysis of these processes by the three-way ANOVA program
of Mathematica 8.0, allowed us to evaluate the influence of the acid-
ity and other parameters, as presented in Table 3. With a Fisher ratio
or influence factor (F) of about 48.66, it is possible to state that the
pH has a strong impact on the photo-catalytic disinfection process
|16]. The probability (P-0.001%) gives rise to the assumption that
the error may be due to noise. The impact of bacteria (total col-
iforms/E. coli or Salmenella spp.) or the treatment (Fe* [H204/hv
or HyOz/{hv) on the disinfection process was less significant. The
probability that the difference in the inactivation rate related to
these two parameters could be due to experimental error was about
11% and 18% respectively for the bacteria species and treatment
used. The cross-interactions between the three parameters did not
significantly affect the data obtained.

3.2.5. Post-irradiation effect

To be sure that the inactivated bacteria was not just partly
damaged, rather than killed, when using the photo-Fenton
(Fe2t|H;04/hv) or hydrogen peroxide (H;0,/hv) systems under
light irradiation, after completion of the runs the samples were
transferred into sterile flasks and kept at 25-30°Cin the dark (obs).
Further spread plate counts were performed on the samples after
24h, 72h and up to one week. No re-growth of coliforms/E. coli
or Salmonella spp. was observed, and this suggested irreversible
inactivation.

3.3. Field experiments

Field experiments indicated that the inactivation rate of both
bacteria types applying Fe?* /Hy05/hv and H, 05/ hv was not signif-
icantly affected by the difference observed in the solar radiation
and temperature each day. Variation in the inactivation rates were
observed, however, when light alone was applied. As presented in
allthe graphs in Fig. 3, any variation of the solar radiation influences
the inactivation of the bacteria. Some of the coliforms/E. coli inacti-
vation curves have a shoulder. However, the decrease in CFUmL™
of most of the enteric bacteria curves follows first-order kinetics,
as in the lab experiments, based on log-linear plots.

3.3.1. Inactivation under direct solar radiation only (hv)

3.31.1. Inactivation total coliforms/E. coli. The temperature of 49°C
and UV irradiation of more than 30 W/m~2 during the first exposure
zave rise to the total inactivation of coliforms/E.coli within 90 min.
On the second day, irradiation was reduced and decreased from
26W/m2 to 20W/m2 during the first exposure. Consequently,
inactivation was achieved after 120 min only. No re-growth was
observed after 24 h of storage in the dark over these two days. On
the third day, the reduction in temperature to less than 45°C and
high fluctuation in the solar radiation (between 23 and 14 W/m2)
did not permit a total inactivation of coliforms/E.coli in this system
(hv). Inactivation of the blank {obs) kept in the dark with a water
temperature of around 38 °C was not significant during the time
of experimentation (2 h). But after the 24 h dark-storage period,
inactivation of about 97% was observed on the first and third day,
and total inactivation on the second.

3.31.2 Inactivation of Salmonella spp.. The favorable conditions
during the first day of experimentation enhanced considerably the
inactivation of Salmonella spp.: about 96% of the population was
inactivated during the 2 h of exposure. On the second day, the rel-
atively low irradiation gave rise to a total inactivation at the end of
the illuminated process, but a recovery of the viability during the
24 h dark-storage period was observed (Fig. 3b2). The atmaospheric
conditions on the third day were not favorable and only 44% was
inactivated at the end of the exposure. Blank tests in the system
obs, did not give a significant inactivation during the experiments
and after the 24 h of dark storage, their concentration remained
constant.

3.3.2. Inactivation under enhanced systems Fe?* {H,0,/hv and
H:_)O@"h'l."

Fe2* |H,05/hv and H50,/hv showed a significant increase in the
inactivation rate of bacteria compared to the non-enhanced sys-
tems {hv)(Fig. 3). Moreover, the variation of the solar radiation over
the three days did not significantly influence the inactivation kinet-
ics. For both bacteria species, H; 05 [hv showed a higher inactivation
rate than that of the systems with added iron (Fe2*/H; 03/hv). The
added iron has precipitated in the system at pH > 6. An exception
was observed in the case of total coliforms/E. coli on the third day
{Fig. 33]3), because they were totally inactivated in both systems.
This could be related to the variability of the daily solar radiation.
Re-growth experiments for both systems during 24 h did not show
any bacterial recovery.

For total coliforms/E. coli, the control systems (Fe2*|H;0;/obs
and H;0s/obs) did not show significant inactivation during the
experiments. However, the inactivation occurred after the 24 h of
dark storage for the second and third day. It's occurred only in the
system HyO0z/obs the first day. As in the previous cases, the con-
trol systems did not lead to a significant inactivation of Salmonella
spp. during the experiment. But after the dark storage period (24 h),
total inactivation was observed in both systems on the second and
third day. None of the systems led to total inactivation on the first
day.

4. Discussions
4.1, Irradiation characteristics

The efficiency of the solar photocatalytic disinfection of water
can beinfluenced by the sun'sintensity, light absorption, initial bac-
terial concentration, water temperature and turbidity [12-14,22].
In the lab experiments, the photo inactivation was carried out
under continuous irradiation at constant intensity, with a radiation
intensity of 560 Wm~2. This corresponds to 300-400 nm UVA or
approximately 32 Wm~2 UVA, representing the average UVA radi-
ation of Ouagadougou in summer | 19]. During the lab experiments,
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Fig. 3. Inactivation of the bacteria contained in water sample from wells 2 (W2, pH: 6.3) during the field experiment under direct solar radiation, After the introduction of
151 of water in to the 1.5L PET reactor, 85 mg/L of Hx0z and 0.6 mg/L of Fe** were added to the corresponding systems and their dark control. () Total coliforms/E. coll,
(b} Salmonella spp., (117 28/04/2010, (12) 20/04/2010, {J3) 30/04/2010, (m) Fe®* [HaOq/ hv, (@) Hz202/hv, (&) hv only, (C1) Fe®* (H202/0bs, ()} Hz02/0Bs, (4) Obs only, Graphs

produced by the ListLogFlot function of Wolfram Mathematica software,

the water temperature inside the batch reactor remained inferior
to 45°C and thermal inactivation can be excluded [2,3]. Direct DNA
damage by UVB can also be excluded as the used solar simulator
emits negligible amounts of photons at wavelengths shorter than

300nm |[8] and the reactor material screened UVE (280-320nm,
Fig. 1c). It has to be noted that the water matrix used in this study
is natural water, contrary to the laboratory milliQ-water which
contains NOM and exogenous photosensitizers.
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4.2, Experiments under solar simulator

4.2.1. Iron system (Fe* fhv)

In solutions at low pH (2-3), the irradiation with UV of various
hydroxylated Fe** species produces Fe2* and the hydroxyl radi-
cal OH* (Eqgs. (3) and (4) [17,18]. The generated OH* radicals are
highly oxidant, as explained above, But in natural water (pH: 4.9
and 6.3 respectively), the photoactive ferric hydrolyzed molecules
[Fe{OH}**] are not soluble, as the predominant iron component
of this pH is the iron-complex which under irradiation generates
Fe*, with an organic radical instead of OH* (Eq. (5)) [16]. Dur-
ing the photocatalytic inactivation process in the Fe2* [hv system,
the bactericidal effect of Fe?* arises from its ability to diffuse into
the cells, leading to the generation of OH* via intracellular Fen-
ton reactions when reacting with metabolic Hx0; [23,24]. Spuhler
et al. [13], observed a lethal action of the system Fe?*[hv during
the inactivation of E. coli K12, in MilliQ Water (hv>290nm, pH:
5-5.5) resulting in a total inactivation after 120 min. However, in
the present study neither the wild total coliforms/E. coli nor the
Salmonella spp. were totally inactivated after the same exposure
period in well water (W1, pH 4.9; W2: pH 6.3). The difference in
this and Spuhler et al. [13] results could be explained by the nature
of the water and bacteria species and by the following pathway:
(i) The inactivation process through the ROS generated after the
excitation of the exogenous and endogenous photosensitizers was
not sufficient to ensure the total inactivation of the wild enteric
bacteria involved; (i) after the active ROS production (20-30 min),
injured bacteria have developed self-repair mechanisms [11] and
became more resistant to the light irradiation, and multiplied
(iii) the wild bacteria are more resistant than the manufactured
E. coli strain regularly vsed in lab experiments; {iv) the natural
water matrix used here contains NOM and other minerals sub-
stances. These bacteria cannot create an osmotic stress as in MilliQ
water which could weaken the bacteria and support the introduc-
tion of Fe?* into the bacteria leading to intra-cellular Fenton ROS
inactivation.

4.22. Systems Fe2*/H;04/hv and H204/hv

Matural water in the Sahelian region contains large quantities of
iron as it flows on ferruginous substrates [14,20,25]. It is introduced
into the atmosphere by wind and is found in aerosols, fog, rain
drops, ground water and lakes [18]. A total initial iron concen-
tration of about 0.06 mg/L and 0.07 mg/L was detected in W1 and
W2 respectively. The high inactivation rate observed in the system
H0;/hv for both wells as in the systems Fe2*/H,0;/hv in contrast
to that of the systems Fe2* (hv or hv only can allow us to assume that
the photo-Fenton also takes place in the system Hz03/hv by using
the initial iron contained as the catalyst. From Fig. 2 and Table 2, the
difference in the iron content for the systems Fe" [Hz0q/hv(natural
iron+added iron) and HaOz/hv (natural iron only) did not signifi-
cantly influence the inactivation kinetic of both bacteria species in
both wells. It can be underlined that it is only in the case of total
coliforms/E. coli in water from W1 that the difference between the
inactivation rates was significant for different photo-catalytic sys-
tems. In the remaining systems (Salmonella spp. of W1 and total
coliforms(E. coli and Salmonella spp. of W2), the total inactivation
was achieved approximately within similar times for both photo-
catalytic systems and no significant differences were observed in
their inactivation rate constants (k). Considering the initial iron
content of water from the Sahelian region, it seems possible to
achieve disinfection of water by photo-Fenton process without
adding extra iron. This would be a great contribution, not only in
reducing the chemical inputs required for the application of the
photo-Fenton system for the treatment of drinking water, but also
in reducing treatment costs.

4.2.3. lllumination alone (hv)

The total inactivation of total coliforms/E. coli or Salmanella spp.
was not observed in the reactor under the effect of light irradia-
tion alone. This could be related to the fact that the exposure time
was just 2h, and not 5 or 6h as recommended for the SODIS pro-
cess [B]. As the present study was focused on the reduction of the
solar disinfection exposure time by the photo-Fenton, the 2 h expo-
sure were sufficient to obtain a significant inactivation rate using
FEJ+||IH2021'IIIV and Hzozﬂlhv.

424, pH

Great differences and contradictions were observed in the W2
{pH 6.3) in both systems where total inactivation was achieved, as
the salmonella spp. strain was the first to be totally inactivated in
both systems in about 90 min, while that of total coliforms/E. coli
took about 120 min (Fig. 2). This situation is in contrast with the
assumption that Salmonella spp. is more resistant to photocatalytic
inactivation than £. coli [14,26]. Indeed, even in the W1 (pH: 4.9), in
the system H;0z/hv, both enteric bacteria species were inactivated
approximately at the same time and the inactivation rates con-
stant of Salmonella spp. were slightly greater than those of total
coliforms/E coli(-0211040.005> —0.1953 4+ 0.003) {Table 2). It is
only in the system Fe2* [H; 0/hv that the E. coli was rapidly inactiv-
ated before the Salmonella spp.

425, Control experiments: (H;02/Fe™" /abs, Fe** fobs, Hz0x/obs,
obs)

Mone of the control systems (blank) led to total inactivation of
the wild enteric bacterial concentration, even though a slight inac-
tivation was observed in some cases for both wells. These results
correspond with previous studies [11,13]. However, it was noticed
that total coliforms/E. coliinactivation was more pronounced in W1
{pH: 4.9) than in W2 (pH: 6.3) (Table 2), but that situation was the
reverse for the Salmonella spp. inactivation, whose pepulation even
increased in some systems (Hz 0z obs and obs).

4.3 Experiments under direct solar radiation

The decrease of the enteric bacterial amount and even its total
inactivation in the control systems {Fe*|H;0,/obs and Ha02/obs),
after the 24 h of dark storage could be due to the scavenging action
of H07 as itis also a powerful ROS [13,22]. It should be noticed
that at high pH (6.3} in the dark, the iron precipitation makes them
unavailable to initiate the simple Fenton reaction (Eg. (1)) [16]. The
hv and obs systems are expected not to produce ROS during the
24h dark storage, thus explaining why no more inactivation was
observed in the remaining total coliforms/E. coli and for Salmonella
spp. The increased concentration after the storage, could be due to
the fact that during the dark storage without ROS production to
injure them, the bacteria recover their ability to grow and repli-
cate [11]. For total coliforms/E. coli, no re-growth was observed
after total inactivation. The re-growth of Salmonella spp. was due to
resistance to solar disinfection { not enhanced}, as recently reported
[26].

For the enhanced systems, H,O,/hv shows a better inac-
tivation kinetic than that of the systems containing added
iron (Fe2*/H;05/hv). It can be assumed that with the low Fe-
concentration in natural water (0.07 mgfL), this amount was
enough to start, in the presence of H;O,/hv, the photo-Fenton
process and generate OH* inactivating of the enteric bacteria. The
higher inactivation kinetic of the systems H;0,/hv compared to
Fe*[H,05/hv may suggest that a high iron concentration could
have a negative effect on the photo-Fenton treatment of natural
water close to neutral pH. This negative effect could be due to:
(i) iron precipitation resulting in the lack of soluble iron in the
medium to maintain the photocatalytic cycle, {ii) the reduction of

153

Juliette Ndounla Ph. D. Thesis



IX. ANNEXE

316 J. Ndounia et al. / Applied Catafysis B: Environmental 1 29(2013) 300-317

light transmittance due the increased turbidity of water and its
coloration due to high iron contents, (iii) excess iron concentration
in the solution increasing the OH* scavenging potential (Eq. (6])
and concomitantly reduce the efficiency of the process [17].

Fe* +0OH* — Fe** +OH- (6)

On the third day, the Salmonella spp. showed approximately the
same inactivation kinetic as that of the first day under the best
atmospheric conditions. Inactivation on the second day, under the
same temperature but lower irradiation (26-20 W m—2 ) was higher
than on the first and third day. These observations are related to
the results for total coliforms/E. coli, which show also approxi-
mately the same inactivation kinetic on the first and second day. It
could be assumed that up to a certain level of irradiation and tem-
perature, the influence of the two parameters (temperature and
irradiation intensity) on the photo-Fenton inactivation process is
no longer significant. The same observation was made previously
by Ubomba-Jaswa etal. [27] during the investigations into the effect
of the UVA dose on the inactivation of E. coli K12. However, a slight
reduction of the inactivation kinetic of total coliforms/E. coli on the
third day in the systems H, 0, /hv|[11]is indicative that intermittent
irradiation associated with low irradiation has negative influence
on the bacterial inactivation rate.

4.4. Inactivation pathways

4.4.1. Inactivation in the illuminated system

In all the illuminated systems, part of the observed photo-
inactivation could be due to excitation of exogenous | ferric-hydro-
complex or ferric-organo-complex) and endogenous (cytochrome,
flavin, tryptophan) photosensitizers, [16,17] as well as the ROS-
action (0, Oz*, OH* and H20;) generated from the dissolved
oxygen {07 ) contained naturally in the water via successive steps
of one-electron reductions [17,23]. The 03" and/or the H;0; have
the ability to attack proteins and cell membrane components, espe-
cially membrane lipids, resulting in their peroxidation [23]. This
peroxidation increases the cell membrane permeability and the dis-
ruption of the trans-membrane ion gradients [6], which can lead
to the inactivation of the cells. H;0; is a non-charged molecule
and penetrates readily the cellular membranes [13]. The toxicity
of Hz0; is due to the fact that they can induce the production of
OH* through the Fenton reaction (Eq. (1)) within the cell [23]. OH*
is a highly reactive oxidant, which can degrade non-biodegradable
chemical components [16,19], NOM [12,13] and inactivate bacteria
[13,14].

4.4.2 Inactivation of defense mechanisms

The deficiency in the cellular defense against ROS, constituted
by enzymes such as S0D/SOR which control the O,*-or catalase
which regulate the H;0, concentration [23], can result in an oxida-
tive stress leading to the increase of the ROS content of the cells at
the level exceeding their defense capacity [24,28]. This deficiency
in self defense mechanisms can arise from the exposure of these
enzymes to thermal or optical inactivation [2]. Ghadermarzi and
Moosavi-Movahedi [29] suggested that inactivation arises when
the temperature is around 45 °C. Considering the temperature mea-
sured during the photo-inactivation process in this study, it can be
assumed that the enzymes for self-defense mechanisms were not
efficient, giving rise to the optical inactivation through UVA radi-
ation to efficiently inactivate the bacterial contents of the water
[3]. The inactivation of the SOD/SOR and catalase leads to the
increase of intracellular ROS with the direct attack of membrane
and other proteins. Followed by the generation of the highly reac-
tive OH* via intracellular Fenton reaction (Eq. (1)). This reaction
take place between the H»0; and the iron liberated from the iron
sulfur clusters ([4Fe-45S]) after the inactivation of clusters enzymes

like dihydroxy-acid deshydratase, aconitase B and fumarases A and
B [24] by the O,*-[30]. The liberation of free iron in the cell comes
from the specific oxidizing action of the superoxide on the cen-
ters [4Fe-45] of these hydrolytic enzymes|[24,30]. The OH* attacks
lead to important cellular damage on DNA [24]. When the bacte-
ria are not sufficiently exposed to illumination, they can recover
viability by self-defense mechanisms in a short time [8]. In this
study, the systems Fe2*/hv or hv have showed a slight initial inacti-
vation in both wells in about 20 or 30 min depending on the enteric
bacteria involved (Fig. 2). After this time, their concentration in
the water have increased and stabilized till the end of the 2h of
irradiation. This situation could be explained by the recovery of
the self-defense mechanisms suggested by Rincon and Pulgarin [8].
After such recovery, the actors of the defense constituted by SOD
and catalase, which have been certainly weakened but not inactiv-
ated, have recovered their properties and eliminated the exceeding
ROS (03", Hz07), giving rise to a recovery in the damaged bacteria,
which multiplied and stabilized in the medium, {see Fig. 2. In the
systems, Fe2* [Hy 05/ hv and Hz0;/ hv, the photo-Fenton under light
and high or low iron content increase the OH* production. This
increase led to an increased inactivation of wild enteric bacteria at
high inactivation rates compared to those found for Fe2*/hv or hv.
The Fe**-bacteria interaction are enhanced in the presence of H;0;
with the increased production of OH* and fast FeZ* [Fe®* intercon-
version under illumination [13]. OH" is the most powerful oxidant
generated inside the cells. It reacts instantly with no selectivity,
at the diffusion limits, with sugars, amino acids, phospholipids,
nucleotides and organic acids including DNA [31]. Cellular defense
mechanisms against a DNA attack by OH* do not to exist.

5. Conclusions

This study showed that the HyOz/hv was as efficient as the
photo-Fenton system {Fe/H;0;/hv) in significantly increasing the
inactivation rate of the enteric bacteria contents of the water
wells. The iron naturally present in the well water influences the
reaction mechanism of HzO3/hv by favoring the photo-Fenton pro-
cess. The efficiency of the system H;0/hvfnatural water in lab
experiments under simulated solar radiation was confirmed in
the field in PET bottles showing a better inactivation rate than
{Fe*|Hy0-/hv/natural water). Consequently, it can be assumed
that iron as the catalyst of the photo-Fenton process is not neces-
sary in high concentrations to inactivate enteric micro-organisms.
The lower efficiency of the system Fe?* JHz0q/hv/natural water may
also indicate that an optimum concentration of iron for an effi-
cient photo-Fenton process exists. Indeed, at near neutral pH (6.3},
a part of added iron salts precipitate and negatively affects the
color and turbidity and light transmittance and leads to a concomi-
tant decrease in the disinfection efficiency. This result suggests the
use of Sahelian Fe-containing region to perform a photo-Fenton
treatment of drinking water by adding H,0; only.

The fastest inactivation kinetic of Salmonella spp. compared to
that of the total coliforms/E. coli in the water with the near-to-
neutral pH (W2, pH: 6.3) brings us to the assumption that the pH
can significantly influence the resistance of these enteric bacteria
to photo-catalytic inactivation. The results have to be confirmed by
further research, however in order to establish the best disinfec-
tion process considering all the parameters affecting wild enteric
bacteria inactivation.
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