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Abstract 

 

This study addresses the bacterial inactivation mechanisms by photo-Fenton process at near-

neutral pH, focusing on iron-oxides and iron-citrate as photocatalysts for solar water 

disinfection and using E. coli as a bacteria model.  

Cell envelope damage during bacterial inactivation by photo-Fenton using FeSO4 as catalyst 

at near-neutral pH and TiO2 photocatalysis were investigated and provided the evidence for 

lipid peroxidation and cell permeability. TiO2 photocatalysis induced significant cell 

membrane damage, in contrast to the near-neutral photo-Fenton process, but the inactivation 

kinetics for both disinfection processes was similar. Electron spin resonance (ESR) suggested 

a higher efficiency of photo-generation of reactive oxygen species (ROS) in the presence of 

TiO2 photocatalyst compared with the photo-Fenton system at near-neutral pH. The 

bactericidal effect of Fe
3+

/hv seems possible due to the adsorption of Fe
3+

 ions on the bacterial 

cell wall followed by photosensitization of iron-bacteria exciplexes oxidizing the cell 

membrane. In contrast, the effect of Fe
2+

/hv was associated with diffusion into the cell giving 

raise to intracellular dark Fenton’s reactions. We suggest that cell envelope damage might not 

necessarily be a unique pathway in bacterial inactivation by near-neutral photo-Fenton 

treatment. In particular, the enhancement of an internal (photo)-Fenton process by the 

synergistic action of UVA and the external Fenton’s reactants appears to be an important 

contribution to bacterial inactivation. 

Bacterial inactivation by the heterogeneous photo-Fenton process was carried out via iron 

(hydr)oxide particles, i.e. hematite, goethite, wüstite and magnetite, at near-neutral pH. 

Photocatalysis by iron (hydr)oxides were investigated in the absence or presence of H2O2. We 

found that, the iron (hydr)oxides act as photocatalytic semiconductors and catalysts in the 

heterogeneous photo-Fenton process with the exception of magnetite, which needs H2O2 as 

electron acceptors. Furthermore, no bacterial reactivation and/or growth were observed after 

photo-Fenton treatment. Similar antimicrobial activity was induced for the photocatalytic 

semiconducting action of hematite and goethite. Additionally, a delayed disinfection effect 

was observed to continue in the dark period for the photo-assisted wüstite-based treatment. 

ESR measurements confirmed that
 
HO

•
 and O2

•− 
radicals were the principal ROS produced by 

iron (hydr)oxide particles under light in the absence or presence of H2O2. Natural organic 
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matter (NOM) and inorganic substances did not interfere with the photocatalytic 

semiconducting action of hematite during bacterial inactivation, but enhanced bacterial 

inactivation mediated by hematite used as the photo-Fenton reagent. Our results 

demonstrated, for the first time, that low concentration of iron (hydr)oxides (0.6 mg/L relative 

to the Fe content) under sunlight, acting both as semiconductors or catalysts of the 

heterogeneous photo-Fenton process at near-neutral pH, may serve as a disinfection method 

for waterborne bacterial pathogens.  

Bacterial inactivation by the homogeneous photo-Fenton process was carried out using Fe–

citrate complex as a source of iron. The efficiency of the homogeneous photo-Fenton process 

using Fe–citrate complex strongly improved bacterial inactivation as compared with the 

FeSO4 and goethite as sources of iron at near-neutral pH. The bacterial inactivation rate 

increased in the order of goethite < FeSO4 < Fe-citrate, which agreed with the HO
•
 radicals 

detected by ESR. Encouraging results were also obtained while applying this treatment for 

bacterial inactivation in natural water samples at pH 8.5. No bacterial reactivation and/or 

growth were observed after photo-Fenton treatment showing that Fe–citrate–based photo-

Fenton process efficiently inactivate bacteria using a low iron concentration of Fe–citrate (Fe–

citrate concentration: 0.6 mg/L relative to the Fe content), while avoiding precipitation of 

ferric hydroxides.  

The application of the photo-Fenton process at near-neutral pH is a potential promising 

technique for bacterial inactivation, due to its simplicity, the use of the natural energy that 

provides the sun, the low concentration  of reagents and does not produce toxic waste.  

Keywords: Solar disinfection, near-neutral photo-Fenton, bacterial inactivation, 

semiconductors, iron oxides, iron citrate, HO
•
 radicals. 
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Résumé 

 

Cette étude porte sur la compréhension des mécanismes d’inactivation bactérienne par la 

réaction Fenton photo-assistée (ci-après photo-Fenton) à pH proche du neutre. Elle se 

concentre en particulier sur les oxydes de fer et les citrates de fer comme photocatalyseurs 

dans la désinfection de l'eau sous radiation solaire, utilisant E. coli comme modèle de 

bactérie.  

Les dommages sur l’enveloppe cellulaire pendant l'inactivation bactérienne par la réaction 

photo-Fenton en utilisant FeSO4 comme catalyseur et la photocatalyse au TiO2 ont été évalués 

et fournissent des preuves de la peroxydation lipidique et de la perméabilité cellulaire. La 

photocatalyse au TiO2 induit une importante altération de la membrane cellulaire, 

contrairement au procédé photo-Fenton à pH proche du neutre, même si la cinétique 

d'inactivation des deux procédés de désinfection est similaire. La résonance de spin 

électronique (RSE) suggère une meilleure efficience de la photo-génération d'espèces 

réactives de l'oxygène (EROs) en présence de TiO2 par rapport au système photo-Fenton à pH 

proche du neutre. L'effet bactéricide du Fe
3+

/hv semble possible grâce à l'adsorption des ions 

Fe
3+

 à la paroi cellulaire suivie par la photosensibilisation des complexes fer-bactéries 

oxydant la membrane cellulaire. En revanche, l'effet de Fe
2+

/hv a été associé à la diffusion 

dans la cellule bactérienne, intensifiant ainsi la réaction de Fenton intracellulaire. Ces résultats 

suggèrent que les dommages de l'enveloppe cellulaire pourraient ne pas être nécessairement 

une voie unique dans l'inactivation bactérienne par le processus photo-Fenton à pH proche du 

neutre. En particulier, l’augmentation d'un processus (photo)-Fenton intracellulaire par 

l'action synergique de la lumière et les réactifs de Fenton externe semble être importante dans 

l'inactivation bactérienne. 

L’inactivation bactérienne par le procédé photo-Fenton hétérogène a été réalisée avec des 

particules d'(hydr)oxyde de fer, i.e. hématite, goethite, wustite et magnétite, à pH proche du 

neutre. La photocatalyse avec des (hydr)oxydes de fer a été évaluée en l’absence et en la 

présence de H2O2. Nous avons constaté que les (hydr)oxydes de fer agissaient comme des 

semi-conducteurs photocatalytiques et catalyseurs dans le procédé photo-Fenton hétérogène, à 

l'exception de la magnétite qui a besoin de H2O2 comme accepteurs d'électrons. Par ailleurs, 

aucune réactivation et/ou croissance bactérienne n'a été observée après le traitement photo-
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Fenton. Une activité antimicrobienne similaire a été induite en utilisant l’hématite et la 

goethite comme semi-conducteurs photocatalytiques. En outre, un effet de désinfection après 

l’exposition (retardée) a été observé à l’obscurité dans le cas de traitement de wustite sous 

illumination. Les résultats de RSE ont prouvé que les radicaux HO
•
 et O2

•−
 étaient les 

principales espèces réactives de l'oxygène produites par les particules d'(hydr)oxyde de fer 

sous radiation solaire en l'absence ou en présence de H2O2. La matière organique naturelle 

(MON) et les substances inorganiques présentes dans l’eau n’interfèrent pas avec l'action 

semi-conductrice de l'hématite pendant l'inactivation bactérienne, mais améliorent cette 

activité antibactérienne lorsque l'hématite est utilisée comme catalyseur de la réaction photo-

Fenton. Nos résultats ont démontré, pour la première fois, que de faible concentration 

d’(hydr)oxydes de fer (0.6 mg/L par rapport au contenu du fer) sous illumination, agissant à la 

fois comme des semi-conducteurs photocatalytiques ou des catalyseurs du processus photo-

Fenton hétérogène à pH proche du neutre, peuvent servir de méthode de désinfection des 

bactéries pathogènes d'origine hydrique. 

L'inactivation bactérienne par le procédé photo-Fenton homogène a été réalisée en utilisant le 

complexe Fe-citrate (citrate de fer) comme source de fer. Ce procédé a fortement amélioré 

l’inactivation bactérienne comparativement aux cas où la goethite et le FeSO4 étaient utilisés 

comme sources de fer à un pH proche du neutre. Le taux d'inactivation bactérienne a 

augmenté dans l'ordre suivant : goethite < FeSO4 < Fe-citrate. Ces résultats concordent de 

surcroît avec le taux des radicaux
 HO•

 détecté par RSE au cours des traitements. Des résultats 

encourageants ont également été obtenus lors de l’application de ce traitement pour 

l'inactivation bactérienne sur des échantillons d'eau naturelle à pH 8,5. Aucune réactivation 

et/ou croissance bactérienne n'a été observée après le traitement photo-Fenton. Ceci démontre 

que le procédé photo-Fenton à base de Fe-citrate inactive efficacement les bactéries en 

utilisant une faible concentration du complexe (Fe-citrate: 0.6 mg/L par rapport au contenu du 

fer), tout en évitant la précipitation des hydroxydes ferriques.  

L'application du procédé photo-Fenton à un pH proche du neutre est donc une technique 

prometteuse pour l'inactivation bactérienne, non seulement par sa simplicité mais aussi parce 

qu’elle permet d’exploiter la lumière solaire, ne nécessite pas une grande quantité de réactifs 

et ne génère pas de déchet toxique. 

Mots-clés: désinfection solaire, photo-Fenton à pH proche du neutre, inactivation 

bactérienne, semi-conducteurs, oxydes de fer, citrate de fer, radicaux HO
•
. 
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1. Introduction and overview 

1.1. Drinking water scarcity and household water treatment 

technologies 

 

The availability of safe drinking water is a high priority issue for health and life quality, yet 

this need goes unmet for millions of people across the world on a daily basis.  It is estimated 

that 768 million people are living without access to safe source for drinking-water in 2011 

(UNICEF and WHO, 2013), with the main problem being microbial contamination (WHO, 

2011). Some of the areas most affected by water scarcity are rural areas of developing 

countries as Sub-Saharan Africa, Southeast Asia, and South America (UNICEF and WHO, 

2012). This lack of safe drinking water leads to a high risk of waterborne diseases, such as 

cholera, typhoid fever, hepatitis A and dysentery, as well as other diarrheal diseases (WHO, 

2011). In 2013, 1600 children under the age of 5 dying each day as a result of diarrhea 

(WHO/UNICEF, 2013). These deaths are preventable with access to clean water, but capital 

costs and maintenance requirements for large-scale treatment systems are prohibitive and 

challenging to implement in remote or distributed communities.  

In developing countries, particularly in small communities and rural areas, chlorine 

disinfection is often the only treatment available for drinking water. However, chlorine 

disinfection has not always been successfully implemented in rural areas because of financial 

problems that result in intermittent disinfection, bad dosification or poor operation and 

maintenance. Additionally, in the presence of natural organic matter (NOM), chlorination 

leads to the formation of disinfection by-products (DBPs) such as trihalometanes (THMs) 

(Bekbölet and Balcioglu, 1996). The concentration of such compounds depends on both the 

level of NOM in water and the dosing of chlorine. As a consequence, in communities where 

the disinfection process is not carried out in optimal conditions, the chemical risk due to 

generation of DBPs is high. In this sense, there is an urgent need for innovative low cost and 

safe drinking water treatments, requiring a small energy input, using local human resources 

and low maintenance cost. 
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One of the recommended methods by the World Health Organization (WHO) for household 

drinking water treatment or for the treatment during an emergency situation, where people do 

not have access to an alternative method to obtain safe drinking water is SODIS (Solar 

Disinfection) (WHO, 2007). SODIS is a simple, low-cost treatment convenient for sunny 

regions. Its principle is based on a synergistic effect of thermal and optical parameters of the 

solar radiation which lethally inactivates the water microorganisms. 1 to 2 L of water of low 

turbidity (< 30 NTU) are filled up in PET (polyethylene terephthalate) bottles or plastic bags 

and exposed during about 6 h of mid-latitude midday summer sunshine (Wegelin et al., 1994; 

Byrne et al., 2011) or up to two days under cloudy weather (Meierhofer and Wegelin, 2002). 

This treatment is strongly temperature dependent and treated volume is limited to 1-2 liters. 

Also bacterial re-growth is sometimes observed during water cooling and storing (Mäusezahl 

et al., 2009). 

This thesis study an alternative processes which might overcome some of the disadvantages of 

SODIS addressing the reduction of biological risks of raw water. The alternative method is 

known as photo-Fenton process at near-neutral pH. More scientific details about this 

technology are presented in section 1.4. 

 

1.2. Solar disinfection  

 

The solar irradiance incident on the outer earth atmosphere is approximately 1368 W/m
2
 this 

value varies with position within the elliptical sidereal orbit of the Earth as it orbits the Sun. 

Water vapour, carbon dioxide, ozone and oxygen, in addition to pollutants in the atmosphere, 

scatter and absorb solar irradiation. The typical cloudless atmosphere in summer at the 

equator, receives a solar irradiance at ground level on the equator of 1120 W/m
2
. Thus we 

have 1.12 kJ/m
2
 of optical energy available in each second to inactivate whatever microbial 

pathogens present in water exposed to sunlight. This value reduces as latitude increases away 

from the equator (McGuigan et al., 2012). 

Solar radiation is filtered by the earth’s atmosphere; the part reaching the earth surface 

includes the wavelengths from 290 to 4000 and is divided into three bands: ultraviolet 

radiation ( 290-400 nm), visible light (400-760 nm), and infrared radiation (760-4000 nm) 

(Peter Schroeder and Krutmann, 2010).  
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The ultraviolet (UV) part of the sunlight is directly responsible for a part of the bacterial 

inactivation (Smith et al., 1987; Reed, 2004). UV light is subdivided in three bands according 

to their energy and ability to cause cellular damage. UV-A (320 to 400 nm), due to its lower 

energy, is the less harmful UV light. UVB (280 to 320 nm) is typically the most destructive 

form of UV light, because it has enough energy to damage biological tissues. UVC (100 to 

280 nm) is almost completely absorbed by the atmosphere. In nature, UVC is never found, 

however, UVC lamps can be used to purify water be of their strong germicidal effect. 

 The inactivation of microorganisms by UV irradiation results primarily from the absorption 

of light by the DNA resulting in dimerization of thymine bases. These thymine dimers 

obstruct the conformation of the double helix and interfere with normal DNA replication 

(Harris et al., 1987).   

Although the UV-A wavelengths bordering on visible light are not sufficiently energetic to 

directly modify DNA bases, they play an important role in formation of reactive oxygen 

species (ROS) in water such as singlet oxygen (
1
O2), superoxide anion (O2

•–
), hydroxyl 

radical (HO
•
) or hydrogen peroxide (H2O2). Photons of light are absorbed by endogenous 

photosensitizers (PS) within cells such as porphyrins, flavins, cytochromes and quinones, 

NADH/NADPH, and others (Hartman and Eisenstark, 1978; Curtis et al., 1992; Rajendran et 

al., 2004) which become electronically excited and react with neighboring oxygen molecules 

leading to the production of intracellular ROS. Once formed, these ROS can cause damage to 

DNA; oxidations of amino acids in proteins; oxidations of poly-unsaturated fatty acids in 

lipids (Reed et al., 2000). Additionally, sunlight can be absorbed by natural exogenous 

photosensitizers present in surface waters (humic acids (Curtis et al., 1992; Paul et al., 2004), 

fulvic acids (Cory et al., 2008)) and or other dissolved natural organic material (Haag and 

Hoigné, 1985; Canonica et al., 1995; Sandvik et al., 2000; Zhan et al., 2006; Zhan, 2009) 

which in turn can react with oxygen to produce ROS, which can exert a disinfecting 

effect (Whitelam and Codd, 1982). A strong synergistic effect has been observed between 

optical and thermal inactivation processes for water temperatures exceeding 45 °C 

(McGuigan et al., 1998).  

The bactericidal effect of solar radiation was scientifically reported for the first time by 

Downes and Blunt, (1877). Almost a century later Acra et al., (1980) re-introduced this effect 

and proposed the practical application of sunlight for the disinfection of oral re-hydration 

solution. According to these results, they concluded that sunlight might be able to provide a 
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low-cost, sustainable, and simple method for treating contaminated drinking water in 

developing countries with consistently sunny climates (Acra et al., 1989). This process is 

broadly known today as SODIS. 

The synergetic (thermal and physical) inactivation of SODIS is strongly dependant on the 

local immediate climatic conditions and the volume and shape of the used recipient. This is 

due to the fact that the infra-red (IR, wavelenght from 780 nm to 500 µm) solar radiation is 

significantly attenuated by clouds, optical inactivation does limit the volumes that can be 

treated at a time because the penetration of UV-A radiation decreases exponentially with the 

water depth and can be scattered by turbidity. Moreover, the process does not remove natural 

or anthropogenic chemical pollutants contained in the water. In consequence, the control of 

the required exposure time or turbidity for a given weather condition and water source can 

overburden some households, leading to under exposure, regrowth and limited acceptance 

among the population (Mäusezahl et al., 2009).  

In order to overcome the climatic and volumetric dependency of SODIS, the physical 

improvement of SODIS has been assessed during the past 20 years. Tested physical 

improvement include: agitation (Reed et al., 2000; Khaengraeng and Reed, 2005), aluminum 

foil, black painted back, (Kehoe et al., 2001), the possibility of adding an artificial 

photosensitizers, e.g. methylene blue (Wegelin et al., 1994; Acra and Ayoub, 1997) or a 

photocatalyst e.g. TiO2 (Rincon et al., 2001; Marugan et al., 2008; Malato et al., 2009) or rose 

bengal (Jiménez-Hernández et al., 2006).  

 

1.3. Heterogeneous solar photocatalysis 

 

The heterogeneous solar photocatalytic process consists of making use of the near ultraviolet 

of the solar spectrum (wavelength shorter than 400 nm), to photo-excite a semiconductor 

catalyst in contact with water in the presence of oxygen. Some semiconductor catalysts can 

absorb above 400 nm (e.g., Fe2O3, CdS, etc.) (Malato et al., 2009). 

Semiconductors (e.g., TiO2, Fe2O3, ZnO, CdS, ZnS, etc.) can act as sensitizers for light-

induced processes due to their electronic structure, which is characterized by a filled valence 

band (VB) and an empty conduction band (CB). The two bands are separated by an energy 

gap particular to each semiconductor referred to as the band-gap (Ebg). When the 

semiconductor is illuminated with light (hυ) of greater energy than that of the band gap, an 
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electron is promoted from the VB to the CB, thus leaving a positive hole in the valence band. 

The valence band holes are powerful oxidants depending on the semiconductor and pH (Mills 

and Le Hunte, 1997).  

An interesting feature of the semiconductor such as TiO2 or Fe2O3 is the amphoteric character 

of their surface. Depending of the pH, a variation in the superficial charge can be observed. In 

aqueous media, the surface has water molecules adsorbed and alcohol groups M-OH giving 

the amphoteric character to TiO2 and Fe2O3. The points charge zero (PZC) on TiO2 (anatase 

or rutile) and Fe2O3 are around 6-7. This means that at pH below this value, the M-OH groups 

will be protonated, charging positively the surface and allowing the adsorption of negatively 

charged molecules or surfaces. In contrast, beyond the PZC, the alcohol groups will be 

deprotonated, charging negatively the surface and allowing the adsorption of positively 

charged species. 

For oxidation reactions to occur, the VB must have a higher oxidation potential than the 

reactant under consideration. The redox potential of the VB and the CB of different 

semiconductors varies between +4.0 and -1.5 Volts versus Normal Hydrogen Electrode 

(NHE). Therefore, by careful selection of the semiconductor photocatalyst, a wide range of 

species can be treated via these processes. 

 

1.3.1. Mechanism of the photocatalytic action of TiO2  

 

Hydroxyl radical is considered as the main oxidant, responsible for inactivating 

microorganisms (Ireland et al., 1993; Cho et al., 2004a; Veréb et al., 2013). Indeed, after 

absorption of near ultraviolet radiation at λ<387 nm, electron/hole pairs (Eq. (1.1)) separated 

between the CB and VB are generated (Malato et al., 2009), as shown in Figure 1-1. 

 

TiO2 + hυ  →  TiO2 (e
−
 + h

+
)                                                 (1.1) 
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Figure 1-1: TiO2 semiconductor photocatalysis process: scheme showing some 

photochemical and photophysical events that might be taking place on an irradiated 

semiconductor particle. 
 

The different events that take place once the UV light has been absorbed by TiO2 particles 

and the subsequent electrons (e
−

CB) and holes (h
+

VB) have been generated and partially 

separated, are summarized in Equations 1.2 to 1.9 and in Figure 1-1. Three oxidation 

reactions have been experimentally investigated: electron transfer from adsorbed organic (Eq. 

(1.2)), H2O (Eq. (1.3)), and OH
−
 (Eq. (1.4)) adsorbed on the catalyst surface. Reactions 1.3 

and 1.4 appear to be of great importance in oxidative degradation processes, most probably 

due to the high concentration of OH
−
 and H2O adsorbed on the TiO2 surface. 

 

TiO2 (h
+
) + Rad → TiO2 + Rad

•+          
(1.2) 

TiO2 (h
+
) + H2O → TiO2 + HO

•
 + H

+         
(1.3) 

TiO2 (h
+
) + OH

−
 → TiO2 + HO

•
          (1.4) 

 

To avoid recombination, an electron acceptor must be present. Molecular oxygen is generally 

the acceptor species in an electron transfer reaction with the photocatalyst CB (Eq. (1.5)). 

Superoxide anion or its protonated form can dismutate (Eqs. (1.6)-(1.8)) to yield hydrogen 

peroxide or peroxide anion (Nosaka et al., 2002). It has also been shown that hydrogen 

peroxide addition considerably enhances the photodegradation rate, most probably via 

reaction 1.9, or by surface-catalyzed dismutation of H2O2 (Pichat et al., 1995). 
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TiO2 (e
−
) + O2 →  TiO2 + O2

•−
         (1.5) 

O2
•−

 + H
+  

→   HO2
• 

          (1.6) 

2 HO2
•  

→  H2O2
 
+

 
O2            (1.7) 

O2
•−

 +  HO2
• 
+ H

+   
→  H2O2

 
+

 
O2          (1.8) 

TiO2 (e
−
) + H2O2  →  TiO2  +  HO

•
 
  
+  OH

−
        (1.9) 

 

1.3.2. Photocatalytic disinfection of water 

  

Solar disinfection with TiO2 is a consequence of both direct action of the light on the 

microorganisms and the photocatalytic action of the excited TiO2 particles. Photocatalytic 

inactivation has been explained by the attack of radicals photogenerated at the surface of the 

catalyst like O2
•-
, HO2

•
 and HO

•
 (Rengifo-Herrera et al., 2009; Veréb et al., 2013). In recent 

years, photocatalytic disinfection in water by TiO2 has widely been studied (Gumy et al., 

2006b; Benabbou et al., 2007; Guillard et al., 2008; Foster et al., 2011; Robertson et al., 

2012; Thabet et al., 2013) and its bactericidal activity and its killing mechanism have been 

well-documented (Sun et al., 2003; Gogniat et al., 2006; Liu et al., 2010; Benabbou et al., 

2011; Pigeot-Rémy et al., 2011; Pigeot-Rémy et al., 2012).  

Saito and co-workers (1992) reported for the first time that the bacterial death was caused by 

a significant disorder in cell permeability and by the decomposition of cell wall. Since then, 

more evidence that outer membrane damage occurs was described by Sunada and co-workers 

(1998; 2003) who studied Escherichia coli and found that the endotoxin, an integral 

component of the outer membrane, was destroyed under photocatalytic conditions when TiO2 

was used. Other authors have found also evidence for disruption of the cell wall, cell 

membrane and leakage of the cell contents (Maness et al., 1999; Kiwi and Nadtochenko, 

2004; Dalrymple et al., 2011). These results were obtained by indirect measures (permeability 

of the membrane); direct measures (membrane components) and/or direct observation (SEM 

and AFM microscopy). Lipid peroxidation reaction was proposed as the first evidence as the 

underlying mechanism of the death of E. coli (Maness et al., 1999; Kiwi and Nadtochenko, 

2004; Dalrymple et al., 2011). 
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1.4. Solar photo-Fenton processes 

 

In 2006, Rincon et Pulgarín, (2006)  tested the effect of Fe
3+

 and H2O2 on the photocatalytic 

disinfection of water compared to the one by TiO2. During some control experiments, they 

observed that by an initial near-neutral pH (6.5), Fe
3+

/H2O2 (0.3 mg/L and 10 mg/L, 

respectively) systems had almost a strong bactericidal effect as TiO2 system under irradiation 

and a stronger effect in the dark. Furthermore, they observed that only the addition of either 

Fe
3+

 or H2O2 alone to a basic SODIS system does enhance the inactivation rates. Rincon et 

Pulgarín, (2006) concluded that the presence of Fe
3+

 under light accelerates E. coli 

inactivation due to the photo-activation of iron aquo-complexes under UV and visible light. 

This SODIS enhancement by the simultaneous addition of iron salts (Fe
2+

 
or

 
3+

) and H2O2 

(Moncayo-Lasso et al., 2009) or by taking advantage of iron naturally present in 

environmental waters with the addition only of H2O2 (Sciacca et al., 2010; Bandala et al., 

2012; Soboleva et al., 2012) is known as the photo-Fenton process.  

 

1.4.1. The Fenton processes 

 

The Fenton reagent is a system containing a mixture of ferrous iron (Fe
2+

) or ferric iron (Fe
3+

) 

and H2O2. The Fenton reaction refers basically to the generation of HO
•
 aided by the 

activation of H2O2 by Fe
2+

 (Eq. (1.10)) (Fenton, 1894; Haber and Weiss, 1934; Sychev and 

Isak, 1995; Malato et al., 2009). It has been largely studied for the treatment of bio-

recalcitrant wastewater from industry or agriculture at low pH (2.5-3.0) (Pignatello et al., 

2006; Kenfack et al., 2009). 

 

Fe
2+

 + H2O2 →  Fe
3+

 + HO
•
  + OH

–
  k = 53 – 76 M

–1
 s

–1
      (1.10) 

 

The rate constant k depends on pH and other factors. To achieve a catalytic system, Fe
2+

 

needs to be regenerated from Fe
3+

 and this can take place in the presence of H2O2 leading to 

the generation of HO2
•
 and H

+
 (Eq. (1.11)) (Sychev and Isak, 1995; Pignatello et al., 2006; 

Malato et al., 2009): 

 

Fe
3+

 + H2O2  →  Fe
2+  

+ HO2
• 
+ H

+
  k = 1 – 2 10

–2
 M

–1
 s

–1
      (1.11) 
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But as the rate constant k for the reduction of Fe
3+

 by H2O2 to Fe
2+ 

is of several magnitudes 

lower than its oxidation from Fe
2+ 

in Eq. (1.10) (Haber and Weiss, 1934; Sychev and Isak, 

1995; Gernjak et al., 2004), this reaction is the limiting step for the Fenton process. In 

addition to equations (1.10) and (1.11) and in the absence of other interfering ions and organic 

substances, the following catalytic reactions (Eqs. (1.12)-(1.15)) have to be regarded, k have 

been reported by Sychev and Isak, (1995). 

 

Fe
2+

 + HO2
•
 → Fe

3+
 + OH

–
   k = 75 – 150 10

4
 M

–1
 s

–1
     (1.12) 

Fe
2+

 + HO
•
  → Fe

3+
 + OH

–
    k = 25 – 58 10

7
 M

–1
 s

–1
     (1.13) 

Fe
3+ 

+ HO2
•
 → Fe

2+
 + O2 + H

+
   k = 33 – 210 10

4
 M

–1
 s

–1
     (1.14) 

Fe
3+

 + O2
•–

 → Fe
2+

 + O2   k = 50 – 190 10
7
 M

–1
 s

–1
     (1.15) 

 

The Fenton reagent is strongly enhanced by solar radiation. The enhancement of the Fenton 

kinetic under light illumination is known as photo-Fenton. The photo-Fenton reaction 

typically gives faster rates and a higher degree of mineralization than the thermal or dark 

reaction and can take advantage of light in the solar spectral region because of the photo-

activity of some iron aquo/organo-complexes (Kiwi et al., 2000; Malato et al., 2009). 

Therefore, the photo-Fenton process is of a general increasing interest of the scientific 

community for drinking water disinfection. 

 

1.4.2. The photo-Fenton process 

 

Ferrous iron, in the absence of any other complexing agent, has the tendency to rapidly 

become oxidized and form different aqua-Fe
3
 species depending on the pH of the medium. At 

2.8 < pH < 3, the predominant form is [Fe(H2O)5(OH)]
2+

, which exhibits significant 

photoactivity in the UV–vis radiation,  and allows for Fe
2+

 regeneration when illuminated by 

solar radiation (Eq. (1.16). The regenerated Fe
2+

 reacts again with H2O2, perpetuating the 

formation of HO
•
 in the photo-Fenton process (Pignatello et al., 2006; Malato et al., 2009).  

 

 [Fe(H2O)5(OH)]
2+

 +  hv  →    Fe
2+

  +  HO
•
  + H

+
                (1.16) 

At pH above 3, the hexaquo complex undergoes extensive hydrolysis to produce Fe
3+

-

hydroxy complexes, until the reactions are ended in precipitation of amorphous ferric 

hydroxides (Eq. (1.17).  
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Fe
3+ 

  →   Fe(OH)
2+

  →   Fe(OH)2
+
 →   Fe2(OH)2

4+
 →→    Fe2O3:nH2O(s)               (1.17) 

 

1.4.3. Photo-Fenton process at neutral pH 

 

As the pH of most natural waters is in the neutral region, successful application of the photo-

Fenton process requires acidification and constant monitoring of the pH. To avoid this 

limitation, the use of iron oxides particles and iron-chelating agents as the sources of iron, 

which catalyze the decomposition of H2O2 are being considered. (He et al., 2002; Cho et al., 

2004b; Garrido-Ramírez et al., 2010; Papoutsakis et al., 2015a; Ruales-Lonfat et al., 2015).  

 

1.4.3.1. Iron oxides used in heterogeneous photo-Fenton process 

Several kinds of heterogeneous catalysts, including iron oxides (He et al., 2002; Matta et al., 

2007; Xue et al., 2009), iron-immobilized materials (Lv et al., 2005; Shin et al., 2008; 

Mazille et al., 2010), clays and carbon materials (Tabet et al., 2006; Chueca et al., 2012), etc., 

are used as the iron source in heterogeneous Fenton or photo-Fenton processes for the 

oxidation of organic compounds at neutral pH values. The iron species present in such 

catalysts is quite stable in the structure or interlayer and the iron sludge could be prevented.  

The most common iron oxide particles involved in heterogeneous Fenton and photo-Fenton 

reactions are iron (hydr-)oxides because they are abundant in both natural and engineered 

systems. Many investigations have demonstrated the effectiveness of this process for water 

treatment purposes. These studies have shown that iron-bearing minerals, namely goethite, 

hematite, magnetite and ferrihydrite can catalyze the oxidation of organic pollutants by H2O2 

over a pH range from 3 to 7 (Kwan and Voelker, 2003; Lee et al., 2006; Matta et al., 2007).  

Degradation of organic substrates (e.g., phenol, nalidixic acid, pesticide mixtures, etc.) 

demonstrated that the iron oxides have synergistic photocatatalytic activity at neutral pH. Iron 

oxides can participate in the photo-Fenton reactions (Eqs. (1.18) – (1.20)) (S.Sunglin., 1998) 

and photocatalytic reaction (Eq. (1.21)) occurring on the iron oxide surfaces. In all the above 

equations, > Fe
2+ 

and > Fe
3+ 

are iron species in the solid phase or at the solid-liquid interface. 

The mechanism occurring in photo-Fenton reaction with oxides involving semiconductor 

photocatalysis are presented in section 3.1.  
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Several investigations have suggested that the oxidation of organic pollutants take place via 

HO
•
 radicals generated on the particle surface (Gurol and Lin, 2002; Kwan and Voelker, 

2003; Lee et al., 2006). 

 

> Fe
3+

  +  H2O2  →  > Fe
2+

  +  H
+
 +  HO2

•
                                                                 (1.18) 

> Fe
2+

  +  H2O2  →  > Fe
3+

  +  OH
-
 +  HO

•
                                                         (1.19) 

> Fe
3+

Ln  +  hv  →  > Fe
2+

 Ln-1  +  LOX
•+

                                                                    (1.20) 

(L: complexing agent or polycarboxylic acid) 

   Fe2O3 +   hν →   Fe2O3  (e
−
 + h

+
)                               (1.21) 

 

1.4.3.2. Iron complex used in homogeneous photo-Fenton processes 

Homogeneous photo-Fenton process at neutral pH could be carried out using iron-complexing 

ligands. The use of organic iron-complexing ligands has recently been gaining interest as a 

means of enhancing the performance of photo-Fenton photocatalytic systems. Compared with 

Fe
3+

-aqua complexes, Fe
3+

-organic ligand complexes maintain their solubility at a wider pH 

range, limiting the need for acidification and pH control (Pignatello et al., 2006). 

Additionally, can exhibit higher absorbance in the UV–vis region and can be photochemically 

reactive via participation in ligand-to-metal charge transfer (LMCT) transitions Eq. (1.22). 

This assures the turnover of Fe
2+

 which is essential for homogeneous photo-Fenton process. 

 

[Fe
3+

L] + hv   →   [Fe
3+

L]* →  Fe
2+

  +  L
•        

(1.22) 

(L: complexing agent or polycarboxylic acid) 

The ligand can be any Lewis base able to form a complex with ferric iron (OH
−
, H2O, HO2

−
, 

Cl
−
, R-COO

−
, R-OH, R-NH2 etc.).  

 

The carboxylate group [R-C(O)O-] is one of the most common functional groups of the 

dissolved organic compounds present in natural waters (Faust and Zepp, 1993). Poly-

carboxylates, which contains molecules that have more than one carboxylate functional group, 

such as citrate, malonate, and oxalate are common constituents of precipitation, fog and 

surface waters and soil solutions. Poly-carboxylates can form strong complexes with Fe
3+ 

and 

enhance the dissolution of iron in natural water through photochemical processes. Moreover, 

such poly-carboxylate complexes undergo rapid photochemical reactions under sunlight 

irradiation leading to the formation of oxidative species (Faust and Zepp, 1993; Panias et al., 

1996).  
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Faust et al., (1993) declared that Fe
3+

- poly-carboxylates complexes undergo LMCT process 

upon irradiation generate Fe
2+

, O2
•−

/HO2
•
, H2O2 and HO

•
 in atmospheric water drops and 

surface waters. It is also found that the efficiency of the Fe
3+

-poly-carboxylates 

photoreduction reaction in solution depends strongly on: pH, the initial Fe to poly-

carboxylates ratio, and the quantum yield are in the order as: oxalate > tartrate > malate > 

citrate > isocitrate > succinate > formate at acidic pH (Abrahamson et al., 1994). 

Among the most well studied ligands are citrate (Katsumata et al., 2006; Silva et al., 2007; N. 

Seraghni, 2012; de Lima Perini et al., 2013) and oxalate  (Balmer and Sulzberger, 1999; 

Nogueira et al., 2005; Batista and Nogueira, 2012) which have been the most commonly used 

ligands in photo-Fenton processes applied for removal of organic chemicals in aqueous 

solutions. The improved efficiency is mainly due to the high quantum yield of Fe
2+

 in the 

presence of ligands, and hence increased generation of HO
•
 (Chen et al., 2007). Besides 

citrate and oxalate, other ligands including EDDS (ethylenediamine-N,N’-disuccinic acid) 

(Klamerth et al., 2013; Papoutsakis et al., 2015a; Papoutsakis et al., 2015b), humic 

acids (Farré et al., 2007; Klamerth et al., 2011) have been used to complex iron in modified 

photo-Fenton systems. 

Citric acid is ubiquitous in nature and it has key biological functions. The tricarboxylic acid 

and its salts are used in a wide variety of industrial applications (e.g., in soft drinks and 

effervescent salts, as an antioxidant in foods, as a sequestering agent for metal ions, as a 

cleaning and polishing agent for metals, as a mordant in dyeing). Most of these applications 

arise from the affinity of citrate for metal ions (Gautier-Luneau et al., 2005).  

Ferric citrate complex is a good alternative for iron solubilization in the photo-Fenton 

processes. Although its photolysis shows a lower quantum yield for Fe
2+

 generation than that 

observed for ferrioxalate, citrate is less toxic (Sillanpaa and Pirkanniemi, 2001; Liang et al., 

2004; Silva et al., 2007), has higher cumulative stabilization constants (log β = 14.29) (Feng 

et al., 2012), is readily available and can be used at higher pH values than oxalate (up to pH 

9.0) (Abrahamson et al., 1994). Ferric citrate complexes have been successfully implemented 

for the photo-Fenton treatment at near-neutral pH conditions and with using artificial or solar 

light towards degradation of organic compounds in polluted waters (Zepp et al., 1992; Sun 

and Pignatello, 1993; Katsumata et al., 2006; Silva et al., 2007; Trovó and Nogueira, 2011). 

There is some discrepancy in the literature concerning the ferric citrate species dominant in 

solution at different pHs (Abrahamson et al., 1994; Quici et al., 2007). According to Field, 
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(1974) and Nansheng, (1998), the main Fe
3+

–citrate species include Fecit, FeHcit
+
, FeOHcit

−
, 

and Fe2(OH)2(cit)2
2−

. Figure 1-2 illustrates the fraction of Fe
3+

 species in the Fe
3+

–cit aqueous 

solution based on the data from stability constants of Fe
3+

–cit and Fe
3+

–hydroxo species as a 

function of pH (Chen et al., 2011). At low pH, Fecit is the predominant species. With 

increasing pH (pH > 4), FeOHcit
−
 and Fe2(OH)2(cit)2

2−
 become the main species gradually.   

 

 

Figure 1-2: The fraction of Fe
3+

 species based on the stability constants of Fe
3+

–cit and Fe
3+

–

hydroxo species as a function of pH. 

 

Francis et Dodge, (1993) reported that ferric iron formed a bidentate complex with citric acid 

at neutral pH, [Fe
3+

(OH)2cit]
2-

 involving two carboxylic acid groups with iron : citrate molar 

ratio 1:1 (Figure 1-3). In contrast, ferrous iron formed tridentate complex with citric acid, 

[Fe
2+

cit]
-
, involving two carboxylic acid groups and the hydroxyl group. However, oxidation 

and hydrolysis of the ferrous iron resulted in the formation of a tridentate ferric-citrate 

complex, [Fe
3+

OHcit]
-
.  

 

                             

Figure 1-3: Schematic representation of the structures of the ferriccitrate complexes at neutral 

pH. 
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1.4.3.3. Siderophores as iron ligands 

The interest in biological siderophores as iron ligands has increased in recent years. 

Siderophores are one species of low-molecular weight, high-affinity Fe
3+

-chelating ligands. 

More than 500 types of siderophores have been reported in the last three decades. 

Siderophores are excreted by plants or micro-organisms under conditions of iron stress to 

scavenge and transport iron. Various fungi and heterotrophic bacteria cultured under 

conditions of limited iron levels have been found to produce siderophores that form 

complexes with high stability constants (Hutchins et al., 1999; Amin et al., 2009). The 

photoreactivity of siderophores is primarily determined by the chemical structure of their 

Fe
3+

-binding groups, namely, hydroxamate and catecholate moieties. Hydroxamate groups are 

photochemically resistant regardless of Fe
3+ 

complexation. Catecholate siderophores are 

susceptible to photooxidation and undergo light-induced ligand oxidation and reduction of 

Fe
3+

 to Fe
2+

 (Barbeau et al., 2003). 

It is widely accepted that the solubilization of iron-bearing mineral phases is a key function of 

siderophores. Borer et al., (2005) reported that siderophores greatly accelerate light-induced 

dissolution of crystalline iron oxides such as lepidocrocite and goehite in suspensions at pH 6. 

Recently, the use of Fe
3+

-siderophore complexes in a Fenton (Wang et al., 2013) and photo-

fenton (Wang et al., 2015) process at near-neutral pH was investigated for degradation of 

pollutant organic. 

   

1.4.4. The photo-inactivation mechanism 

 

1.4.4.1. Characterization of some reactive oxygen species  

ROS are chemically-reactive molecules containing oxygen. They are highly reactive, some 

due to the presence of unpaired valence shell electrons. In living cells, such oxidation 

products are formed during normal metabolic processes and have important roles in cell 

signaling. Cells contain a variety of biomolecules, which are potential targets for oxidation by 

various types of ROS, like the HO
•
 and O2

•−
, and molecules like H2O2, hypochlorous acid 

(HClO) as well as singlet oxygen (
1
O2) an electronically excited state of molecular oxygen. 

Additional environmental stresses (e.g. UV or heat exposure) can dramatically increase ROS 

levels. This can result in significant damage to cell structures that cumulate into a situation 

known as oxidative stress (OS). In living cells, OS occurs when the level of pro-oxidants, i.e. 

ROS exceeds the ability of the cell to respond through its antioxidant defense. Proteins 
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comprise about 70% of the dry weight of cells and, because of their abundance, are major 

targets for OS-induced damages (Davies, 2005). 

 Numerous studies have shown that 
1
O2 can oxidize a variety of organic substances including 

biologically important compounds, such as amino acids (Zepp et al., 1977) or other parts of 

proteins (Davies, 2003; Rengifo-Herrera et al., 2009). The bacterial membranes (lipids) are 

the most likely target for the often exogenously produced singlet oxygen and oxygen radicals 

(Curtis et al., 1992) leading to enhanced permeability and serious damage of the cells. 

O2
•–

 itself is relatively little reactive. When generated exogenously O2
•–

 is sufficiently long 

living to diffuse into the cells but this process is slowed because O2
•–

 is charged (Imlay, 

2008). However, O2
•–

 produced endogenously is responsible for the oxidation of [4Fe-4S] 

cluster present in cells, the subsequent release of Fe
2+

 and the simultaneous formation of H2O2 

allowing the generation of toxic HO
•
 via intracellular Fenton reactions (Kellogg and 

Fridovich, 1975; Gutteridge, 1982; Imlay, 2003; Fridovich, 2011).  

HO
•
 reacts at, or close to, a diffusion-controlled rate of 6 x 10

9
 M

-1
s

-1
. Hence, any formed HO

•
 

will react with whatever is present at its formation site and directly damage all biological 

molecules, including DNA (Halliwell and Gutteridge, 1992), leading to the oxidation of lipids 

affecting the structural and functional integrity of the membranes (Kellogg and Fridovich, 

1975). If produced inside the cells, they will attack the biomolecules, especially DNA.  

H2O2 on its own is little reactive, but has the ability to attack the cellular membrane, initiating 

lipid peroxidation chains that increase membrane permeability and affect the viability of the 

cells (Halliwell and Chirico, 1993). However, H2O2 penetrates membranes and diffuse into 

cells whenever it is present in the extracellular habitat (Imlay, 2008). The presence of H2O2 in 

the cell can led to serious damage because of its ability to react with metal ions (e.g. Fe
2+

) 

generate highly toxic HO
•
 (Gutteridge, 1982; Imlay, 2003, 2008). 

 

1.4.4.2. Pathway of the photo-oxidative stress 

The biological targets of ROS (
l
O2, H2O2, O2

•–
 as well as HO

•
) and other radicals are DNA, 

RNA, proteins and lipids (Cabiscol et al., 2000). Oxygen dependent are probably the major 

component of optical bacterial damage because of the ROS induced membrane lipid 

peroxidation and DNA damage (Reed, 2004). Free radicals attack membrane lipids 

(Gourmelon et al., 1994b) such as the phospholipids chains (Gutteridge, 1982) or 

polyunsaturated fatty acids, initiating lipid peroxidation chains (Cabiscol et al., 2000). Lipid 
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peroxidation is a complex process characterized by three distinct phases: a slow induction 

period, a rapid autocatalytic phase and a slow termination phase (Gutteridge, 1982). Lipid 

peroxidation results in a decrease of the membrane fluidity altering the membrane properties 

and disrupting membrane-bound proteins (Cabiscol et al., 2000). It action can also lead to 

increase membrane permeability, disruption of transmembrane ion gradients and finally 

inactivation (Reed, 2004). The attack of polyunsaturated fatty acids acts as an amplifier, more 

radicals are formed, and the polyunsaturated fatty acids are degraded to a variety of products. 

Some of them are aldehydes, which are on their turn very reactive and can damage molecules, 

such as proteins. When proteins are exposed to reactive oxygen species, modifications of 

amino acid side chains occur and, consequently, the protein structure is altered (Cabiscol et 

al., 2000).  

 

1.4.4.3. Oxidative stress through intracellular Fenton 

Under UV-A and visible light, iron concentrations can be enhanced inside the cells. Hoerter et 

al., (1996), (2005) have shown that enterobactin is an endogenous chromophore for UV-A 

and contributes to cell lethality under radiation in the solar spectrum via the destruction of its 

ligand, releasing Fe
2+

 into the cytoplasm of E. coli bacteria to catalyze the production of 

highly reactive hydroxyl radicals and other toxic oxygen species via the Haber-Weiss 

reaction. Pourzand et al., (1999) have shown that the UV-A radiation also increases the level 

of intracellular reactive iron pools via the proteolysis of ferritin. UV-A radiation also breaks 

down heme-containing proteins in the microsonial membrane to release free heme as an 

additional photosensitizing component (Tyrrell et al., 2000). Imlay, (2008) described that 

during the oxidative-stress, O2
•–

 could penetrate in the active sites of enzymes containing iron-

sulfur clusters ([4Fe-4S]
2+

). O2
•–

 then binds the critical iron atom and oxidizes the cluster to a 

redox state that is unstable (Eq. (1.23)), the produced [4Fe-4S]
3+

 then releases Fe
2+

 and is left 

in an inactive [4Fe-4S]
+
 form (Eq. (1.24)). The [4Fe-4S]

2+
 cluster can also be oxidized by 

H2O2 leading to the release of Fe
3+

 and the oxidation of the cluster by O2
•–

 leads 

simultaneously also to the generation of cellular H2O2 (Imlay, 2003, 2008): 

 

[4Fe – 4S]
2+

 + O2
•–

 + 2H
+
   →  [4Fe – 4S]

3+
 + H2O2       (1.23) 

[4Fe – 4S]
3+

  →   [4Fe– 4S]
+
 + Fe

2+
          (1.24) 

 

Besides the Fe
2+

 release from iron-sulfur cluster, O2
•–

 can also reduce and liberate Fe
3+

 from 

ferritin (Henle and Linn, 1997). The generated H2O2 and Fe
2+

 can through the Fenton reaction 
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lead to the generation of highly reactive HO
•
 radical which will damage/oxidize the cell DNA 

(Gutteridge, 1982; Henle and Linn, 1997). 

 

1.4.5. Some applications of the photo-Fenton at near-neutral pH 

 

The photo-Fenton process at near-neutral pH and very low reagent concentration was tested 

for the elimination of NOM from river water (Murray and Parsons, 2004; Moncayo-Lasso et 

al., 2009; Ruales-Lonfat et al., 2013). Simultaneous to organic oxidation it was also observed 

that the process significantly enhanced the solar inactivation of some pathogenic bacteria 

(Moncayo-Lasso et al., 2009). The enhancing effect of the photo-Fenton process for photo-

inactivation of E. coli in drinking water at near-neutral pH was for the first time reported by 

Rincón and Pulgarin, (2006). Subsequently, the enhancement of bacterial photo-inactivation 

via photo-Fenton at near-neutral pH was reported at lab scale, pilot scale and in natural waters 

at reagents’ concentrations in the micro to millimolar range (Moncayo-Lasso et al., 2009; 

Sciacca et al., 2010; Spuhler et al., 2010). The Table 1-1 summarizes the state of art 

concerning microorganism inactivation by photo-Fenton process at near-neutral and neutral 

pH conditions. 

 

Table 1-1: State of art concerning microorganism inactivation by photo-Fenton process at 

near-neutral and neutral pH conditions. 

Microorganisms Main objectives References 

E. coli –K12 

The enhancing effect of the photo-Fenton process for photo-

inactivation of E. coli in drinking water at near-neutral pH was 

for the first time reported. 

The evaluation of the solar treatment in order to assess its 

effectiveness in reducing bacterial load by photo-Fenton system 

and the durability of the different disinfection systems (post 

irradiation events) were studied. 

(Rincón and 

Pulgarin, 

2006) 

E. coli –K12 

Field experiments with a large solar compound parabolic 

collector (CPC) reactor under solar radiation are reported. The 

bacterial cultivability was monitored for photocatalytic systems 

such as sunlight/TiO2, sunlight/TiO2/Fe
3+

, sunlight/Fe
3+

/H2O2 

(photo-Fenton system). The study focuses on the durability of the 

different disinfection systems during 24 h after stopping of the 

field scale phototreatment. 

(Rincón and 

Pulgarin, 

2007a) 
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E. coli –K12 

Field disinfection of water in a large solar photoreactor was 

conducted at ‘‘natural’’ temperature of 35 °C by different 

photocatalytic processes. The following topics were addressed in 

this study: (a) bacterial inactivation by sunlight in the presence 

and absence of TiO2, (b) the influence of iron addition on the 

TiO2 photo-assisted disinfection process, (c) bacterial inactivation 

by photo-Fenton system, (d) the durability of the different 

disinfection systems. 

(Rincón and 

Pulgarin, 

2007b) 

E. coli –K12 

A heterogeneous iron supported catalyst (A woven inorganic 

silica fabric loaded with Fe-ions) was tested under simulated 

solar light during bacterial inactivation at ‘‘natural’’ pH and in 

the presence of a low concentration of H2O2. 

(Moncayo-

Lasso et al., 

2008) 

E. coli –K12 

Bacteria inactivation and natural organic matter oxidation in river 

water was simultaneously conducted via photo-Fenton using low 

concentrations of Fe
3+

 and H2O2 at “natural” pH in a solar CPC 

reactor. 

(Moncayo-

Lasso et al., 

2009) 

E. coli –K12 

Systematic study, investigating the effect of Fe
2+

, Fe
3+

 and H2O2 

on the photo-inactivation of E. coli in Mili-Q water and mineral 

water enriched with resorcinol, a model NOM. 

A mechanistic interpretation of iron catalyzed solar water 

disinfection was proposed, which illustrates the possible 

pathways involved in photo-inactivation of E. coli in the presence 

of the photo-Fenton reagent. 

(Spuhler et 

al., 2010) 

 

E. coli –K12 

The fixation and photocatalytic performance of iron oxide on 

different polymer films previously functionalized by different 

methods was studied. The ability of these photocatalysts in 

organic pollutants degradation and bacterial inactivation was 

described. 

(Mazille et 

al., 2010) 

Wild Salmonella 

sp. and total 

coliforms 

Comparative disinfection effect at natural neutral pH of (i) the 

addition of H2O2 in the dark, (ii) SODIS process as it is known, 

and (iii) SODIS adding H2O2 on wild coliforms and Salmonella 

sp. contained in water of the urban dams in Ouagadougou, 

Burkina Faso. Water containing dissolved iron (0.3 mg/L).  

(Sciacca et 

al., 2010) 

Virus (MS2 

coliphage) 

Virus inactivation by iron- and copper catalyzed Fenton systems 

was studied in natural systems at near neutral pH. The influence 

of H2O2 and metal concentrations, HO
•
 production, and sunlight 

on inactivation was investigated. 

(Nieto-

Juarez et al., 

2010) 

Wild Salmonella 

sp. and total 

coliforms 

Evaluation of disinfection efficiency of the photo-Fenton process 

during solar irradiation using natural surface water with high 

turbidity in a CPC solar photoreactor. 

(Sciacca et 

al., 2011) 

Dreissena 

Polymorpha (zebr

a mussel) 

Titanium dioxide solar photocatalysis and neutral photo-Fenton 

were checked for disinfestation of zebra mussel from irrigation 

facilities. Bench scale experiments performed in a solar photo-

reactor was also evaluated. 

(Bernabeu et 

al., 2011) 

Enterococcus 

Faecalis, (Gram-

positive 

microorganism) 

The effect of temperature on bacterial inactivation using the 

photo-Fenton reaction at initial near-neutral pH with resorcinol 

was studied.  

(Ortega-

Gómez et 

al., 2012) 



Introduction 

19 

 

E. coli, 

Salmonella, 

Shigella, 

 

The effect of the simultaneous presence of organic compounds – 

resorcinol and hydroquinone and bacteria cells on the degradation 

of organics and inactivation of bacteria in water by 

heterogeneous photocatalysis on TiO2 and near-neutral photo-

Fenton systems was studied. The effect of the presence of 

chemical substances that interact strongly or weakly with TiO2 

surfaces, such as resorcinol and hydroquinone, respectively, and 

those that can be found in natural waters, on the photocatalytic 

inactivation of bacteria cells was also evaluated.  

(Moncayo-

Lasso et al., 

2012) 

Fusarium Solani  

The efficiency of the solar photo-Fenton reaction and solar 

H2O2/UV–vis to disinfect simulated municipal effluents at pH of 

about 8, polluted with spores in solar bottle reactors under natural 

solar conditions was assessed.  

(Polo-Lopez 

et al., 2012)  

Total bacteria and 

total coliforms 

A modified photo-Fenton treatment for the degradation of micro 

pollutants and disinfection in municipal wastewater treatment 

plant effluents at a neutral pH was developed. 

Photo-Fenton experiments were performed in a pilot compound 

parabolic collector (CPC) solar plant. Complexation of Fe by 

ethylenediamine-N,N′-disuccinic acid (EDDS) leaded to 

stabilization and solubilisation of Fe.  

(Klamerth et 

al., 2012) 

Fusarium solani 

E. coli 

The effectiveness of three solar treatments; Fe
3+

/sunlight, 

H2O2/sunlight, and solar photo-Fenton at near-neutral pH was 

evaluated and compared for disinfection of water. 

(García-

Fernández et 

al., 2012) 

E. coli, 

enterococcus 

faecalis, and 

pseudomonas 

aeruginosa. 

 The inactivation of three different kinds of bacteria usually 

present in municipal wastewater treatment effluents using a 

coagulation–flocculation–decantation (CFD) process combined 

with photo-Fenton treatment at pH 5 was evaluated under 

artificial solar irradiation. 

(Rodriguez-

Chueca et 

al., 2013) 

Enterococcus 

Faecalis 

The aim of this research was to study the effect of the water 

matrix on the bacterial inactivation process by solar photo-

Fenton at initial neutral pH. Saline solution, saline solution with 

resorcinol and a simulated secondary effluent from a municipal 

wastewater treatment plant.  

(Ortega-

Gómez et 

al., 2013) 

E. coli –K12 

Borosilicate and PET bottles were comparatively studied, as 

photo-Fenton reactors for E. coli inactivation under simulated 

solar irradiation and natural sunlight. 

(Ruales-

Lonfat et 

al., 2013) 

Virus (MS2 

coliphage) 

The bacteriophage MS2 inactivation during heterogeneous 

Fenton-like processes catalyzed by iron (hydr)oxide particles at 

circumneutral pH was studied.  

The effect of the different particle types, H2O2 and sunlight on 

inactivation was studied. Both physical removal of viruses from 

solution via adsorption onto particles as well as true inactivation 

were considered.  

(Nieto-

Juarez and 

Kohn, 2013) 

Total coliforms/E. 

coli and 

Salmonella spp. 

The inactivation of bacteria in natural waters from the Sahelian 

wells having different pH 4.9 and 6.3 and a natural iron content 

of 0.07 mg/L was studied under Fenton reagent and photo-Fenton 

processes. 

(Ndounla et 

al., 2013) 



Introduction 

20 

 

 E. coli, spores of 

sulphite-reducing 

clostridia (SRC), 

somatic coliphages 

(SOMCPH) and F-

specific RNA 

bacteriophages 

(FRNA).  

The disinfection of a real secondary effluent from a Municipal 

Wastewater Treatment Plant using added H2O2, TiO2 and photo-

Fenton under natural solar irradiation in Compound Parabolic 

Collector photo-reactors was studied. For this purpose, the 

microbial indicators in real wastewater effluents were tested 

before and throughout the different solar treatments in order to: 

(i) determine the inactivation of these microbial indicators, (ii) 

determine the indicator removal efficiency of the technologies 

studied, and (iii) evaluate the feasibility of these disinfection 

technologies for water reclamation. 

(Agulló-

Barceló et 

al., 2013) 

phytophthora 

capsici zoospores 

The capacity of photo-Fenton to zoospores in distilled water at 

small scale under natural solar radiation was studied. Photo-

Fenton process efficiency was evaluated using two different iron 

sources, ferrous sulphate (Fe
2+

) and ferric nitrate (Fe
3+

). In 

addition, the separated effects of H2O2, Fe
2+

 and Fe
3+

over spores 

under natural solar radiation and in the dark were also evaluated.  

(Polo-López 

et al., 2013) 

Total coliforms/E. 

coli and 

Salmonella spp.  

Impact of irradiance vs. dose on the efficiency of the photo-

Fenton process was evaluated for bacterial inactivation in well 

water naturally containing dissolved and solid iron forms (e.g. 

iron oxides). Well water was treated in the compound parabolic 

collector (CPC) under direct solar radiation.  

(Ndounla et 

al., 2014) 

Total coliforms/E. 

coli and 

Salmonella spp. 

Effect of the dry or rainy season on photo-Fenton disinfection of 

natural water from two different wells (W1, pH: 4.6–5.1) and 

(W2 pH: 5.6–5.7) was carried out at Ouagadougou–Burkina 

Faso, West Africa. Well water was treated in the compound 

parabolic collector (CPC) under direct solar radiation. 

(Ndounla 

and 

Pulgarin, 

2014) 

E. coli –K12 

For the first time was investigated cell envelope damage during 

E. coli inactivation by the near-neutral photo-Fenton system and 

compares the underlying mechanisms with the photo-catalytic 

action of TiO2. Bacterial inactivation by homogeneous and 

heterogeneous photo-Fenton systems at near-neutral pH was 

comparatively studied. 

(Ruales-

Lonfat et 

al., 2014) 

wild enteric E. coli 

and 

total coliform 

This study analyses the use of the solar photo-Fenton treatment in 

compound parabolic collector photo-reactors at neutral pH for the 

inactivation of bacteria present in secondary effluents of a 

municipal wastewater treatment plant. Control experiments were 

carried out to find out the individual effects of mechanical stress, 

pH, reactants concentration, and UV-A radiation as well as the 

combined effects of UV-A-Fe and UV-A-H2O2. 

(Ortega-

Gómez et 

al., 2014b) 

Enterococcus 

Faecalis 

The role of an organic molecule as resorcinol (considered as a 

model of NOM) on the disinfection process by solar photo-

Fenton at neutral pH was investigated. 

(Ortega-

Gómez et 

al., 2014a) 

E. coli and 

enterococcus sp. 

The efficiency of the Fenton processes induced by 

electromagnetic fields at near neutral pH (pH 5) to 

remove bacteria added in simulated wastewater effluents was 

evaluated. Several iron sources, ferric chloride, magnetite and 

clay were evaluated in the presence and absence of hydrogen 

peroxide and electromagnetic fields. 

(Rodríguez-

Chueca et 

al., 2014a) 
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E. coli and E. 

faecalis. 

The effectiveness of a solar photo-Fenton system at near neutral 

pH for the removal of fecal bacteria in urban wastewater effluents 

was investigated. Several concentrations of ferrous sulfate (2.5–

10 mg-Fe
2+

/L) and hydrogen peroxide (5–50 mg/L) were tested in 

solar CPC under natural sunlight. Solar photo-Fenton processes 

at pH 5 and pH 3 were compared. Furthermore, the influence of 

precipitated and dissolved iron on the efficiency of the photo-

Fenton process at near-neutral pH values was also evaluated. 

(Rodríguez-

Chueca et 

al., 2014b) 

Fusarium Spores 

The efficiency of the solar-driven photo-Fenton with Fe
2+

 and 

Fe
3+

, heterogeneous photocatalysis (TiO2) and solar photoassisted 

H2O2 treatment for inactivating spores in distilled water, 

simulated municipal wastewater effluent, and real municipal 

wastewater effluents was investigated.  

(Polo-López 

et al., 2014) 

E. coli –K12 

The disinfection ability of four iron (hydr)oxides semiconductors, 

i.e.  (hematite, goethite, wüstite and magnetite), in aqueous media 

under solar light illumination, at near-neutral pH of 6.5, in the 

absence or presence of H2O2 was investigate. 

(Ruales-

Lonfat et 

al., 2015) 

Virus (MS2 

coliphag and 

Echovirus) 

The inactivation of virus by solar photo-Fenton at near neutral pH 

in carbonate buffer solution matrix was evaluated. The effects of 

reactant concentration (H2O2, Fe
2+

, Fe
3+

) and solar irradiance on 

the photo-Fenton process were studied. In order to validate the 

efficiency of the photo-Fenton process at near neutral pH, the 

photocatalytic treatment was carried out in natural water (Lake 

Geneva, Switzerland) and with a human virus (Echovirus). 

Finally, a conceptual mechanistic interpretation was proposed. 

(Ortega-

Gómez et 

al., 2015) 

 

 

1.4.6. The studied bacteria 

 

Bacteria are prokaryotic microorganisms, which mean that they lack a nucleus enclosed by a 

nuclear membrane. Bacterial cells mostly range in size from 0.5 to 5 microns. Based on the 

different ability of their cell wall components to be stained by the Gram stain, bacteria are 

often divided into two classes: Gram-positive and Gram-negative. 

The bacteria selected for this study was the Gram negative Escherichia coli (E. coli), a 

representative bacteria of the Enterobacteriaceae family, which is the most common 

pathogenic bacteria family found in water.  

These Gram-negative bacteria inhabit the intestinal tract of humans and warm-blooded 

animals. Their presence in water samples is almost always indicative of faecal pollution and 

the possible existence of other enteric pathogens such as Salmonella spp., Yersinia spp., 

Shigella spp., etc. These enteric bacteria are responsible for slight gastrointestinal diseases. 
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However, depending on the strain virulence, severe illness or death can occur (Rodriguez-

Chueca et al., 2013). 

E. coli has been taken as a model for bactericide studies as model microorganism, and it 

DNA, metabolism, structure and composition, morphology, behavior under different nutrient 

media, pathogenicity, types, strains, has been extensively reported (Malato et al., 2009).  

The envelope of E. coli bacteria is composed of two membranes, the inner and outer 

membranes, which are separated by the periplasm that contains a thin peptidoglycan layer 

(Figure 1-4) (Doerrler, 2006). 

The outer membrane (or cell wall) is about 6 to 18 nm. It consists of 50% lipopolysaccharides 

(LPS), 35% phospholipids, and 15% lipoproteins. Together, the outer membrane and 

peptidoglycan provide mechanical protection to maintain intact the cell morphology (Michael 

T. Madigan et al., 2003). LPS works as a selective permeability barrier for E. coli and other 

Gram-negative bacteria (Raetz and Whitfield, 2002). Removing LPS molecules increases the 

permeability of cell wall. Unlike the outer membrane and the periplasm, the inner membrane 

(or cytoplasmic membrane) is absolutely vital for bacteria. In addition to its selective 

permeability properties, the cytoplasmic membrane has a respiratory function through the 

electron transport and oxidative phosphorylation. With a width of approximately 8 nm, its loss 

of integrity leads to bacteria death.  

In the case of iron the bacteria is provided for with receptor, transporter and energy-

transducing proteins ensure that there is a sufficient supply of iron-containing compounds, 

such as siderophores (Faraldo-Gomez and Sansom, 2003). The membrane proteins mediate 

the uptake of the siderophores that are known as ferrichrome, enterobactin and ferric citrate 

from E. coli (Braun, 2001). 

The reactive oxygen species, O2
•–

, and H2O2 are naturally generated during bacteria 

respiration by way of Haber–Weiss (Eq. (1.25)) or the Fenton reaction (Eq. (1.10)) 

 

H2O2  +   O2
•–

     →   O2  +  HO
•
   +   OH

–
                              (1.25) 

 

However, E. coli also produces the enzyme superoxide dismutase (SOD) to dismutate  the 

O2
•–

 to O2 and H2O2 (Eq. (1.26)), and the enzyme catalase to reduce the intracellular 

concentration of H2O2 and convert it to H2O and O2 (Eq. (1.27)) (Eisenstark, 1998).  
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2O2
•–

   +  2H
+
   

  SOD
        O2   +  H2O2                                                         (1.26) 

H2O2    +   H2O2     
CATALASE

       2H2O   +   O2                                                                                            (1.27) 

 

In addition, bacteria cells as E. coli have protection and recovery mechanisms to overcome 

the effects of UV radiation and oxidative stress that involve endogenous proteins, such as the 

anti-oxidant enzymes, DNA repair enzymes and DNA-integrity proteins.  

 

                   

Figure 1-4: Schematic representation of the E. coli cell envelope. LPS: lipo-polysaccharide 

(Raetz and Whitfield, 2002).  
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2. Aims and outline of the thesis 

The overall objective of this research work is to contribute to an in-depth understanding of the 

bacterial inactivation mechanism by photo-Fenton process at near-neutral pH, using iron-

oxides and iron-citrate as photocatalysts in water disinfection.   

 

The following specific tasks were carried out: 

 

 To evaluate the cell envelope damage during bacterial inactivation by the near-

neutral photo-Fenton system and to compare the underlying mechanisms with the 

photo-catalytic action of TiO2.   

 To investigate the disinfection ability of four different iron (hydr)oxides particles in 

aqueous media under solar light illumination, at near-neutral pH, in the 

absence/presence of  H2O2 in heterogeneous photo-Fenton processes.  

 To assess the efficacy of the Fe-citrate complex during bacterial inactivation by 

homogeneous photo-Fenton process at near-neutral and alkaline pH in water. 

 To quantify the ROS generated by heterogeneous and homogeneous photo-Fenton 

processes.  

 To evaluate the efficiency of the heterogeneous and homogeneous photo-Fenton 

processes at natural pH in real-world condition, i.e. in natural water samples.  

 To conduct post irradiation experiments in order to assess if bacterial reactivation 

and/or growth takes place in heterogeneous and homogeneous photo-Fenton 

processes. 

  

The thesis is organized in six chapters: 

The introductive chapter 1 addresses household level water treatments and presents solar 

photocatalysis and solar photo-Fenton processes. 

Chapter 3 presents a comparative study of cell envelope damage during bacterial inactivation 

by photo-Fenton at near-neutral pH and TiO2 photocatalysis addressing lipid peroxidation and 
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cell permeability change. Additionally, the bactericidal effect of Fe
3+

/hv and Fe
2+

/hv was 

evaluated.  

Chapter 4 presents the photocatalytic disinfection of four different commercially available 

iron (hydr)oxides semiconductors in the absence or presence of H2O2. The reactive oxygen 

species (ROS) generated by iron (hydr)oxides during heterogeneous photocatalysis and/or 

photo-Fenton treatments were quantified and the effect of NOM on hematite mediating the 

disinfection was investigated.  

Chapter 5 presents the first evidence of Fe–citrate–based photo-Fenton chemistry for the 

inactivation of E. coli at near-neutral and alkaline pH conditions, using low iron 

concentration. The effects of the solution pH and Fe-citrate concentrations on E. coli 

inactivation were investigated. Furthermore, the photo-Fenton processes mediated by Fe-

citrate complex, FeSO4 and goethite were compared. The HO
•
 radicals formation during the 

photo-disinfection was monitored. Finally, the efficiency of the Fe–citrate–based photo-

Fenton process was evaluated in natural water samples from Lake Geneva (Switzerland) at pH 

8.5. 

Chapter 6 presents the short version of the chapters 3-5 and suggest a mechanistic model for 

bacterial inactivation in the presence of Fenton’s reagent. 

 

Chapter 7 presents the conclusions and an outlook for water disinfection by photo-Fenton 

process at near-neutral pH. 
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3. Deleterious effect of near-neutral 

photo-Fenton system on Escherichia 

coli. Comparison with photo-catalytic 

action of TiO2 during cell envelope 

disruption. 

Published in “Applied Catalysis B: Environmental, 160–161 (2014) 286-297”. 
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3.1 Introduction  

 

Harmful microorganisms are a major problem in drinking water that can cause severe health 

problems for humans. Hence, developing innovative water disinfection methods is a 

continuous need. Recently, the photo-Fenton (Fe
2+

/
3+

/H2O2/hν) system at near-neutral pH 

under solar light was found to be an effective option for disinfection of bacteria present in 

water (Rincón and Pulgarin, 2006, 2007a; Moncayo-Lasso et al., 2009). Fenton’s reagent 

action is based on the reaction of H2O2 with Fe
2+

/
3+

, thus resulting in the formation of 

hydroxyl radicals and other highly oxidative species in aqueous media (Eqs. (3.1) and (3.2)). 

However, the Fenton process is limited by the Fe
2+

 regeneration of Fe
3+

 (Eq. (3.2)). This 

drawback is partially countered by photo-Fenton reactions. In fact, Fe
3+

-hydroxy complexes 

undergo photo-reduction under ultraviolet A (UV-A) and visible radiation, thus regenerating 

Fe
2+

 via ligand-to-metal charge transfer (LMCT) and contributing to an additional pathway of 

HO
•
 production (Eq. (3.3)) (Cieśla et al., 2004). 

 

Fe
2+  

+  H2O2   →   Fe
3+

  +  HO
•
  +  OH

–
                 k = 53 – 76 M

-1
s

-1 
    (3.1) 

Fe
3+ 

 +  H2O2   →   Fe
2+

  +  HO2
•
  +  H

+
                k = 1 – 2 x 10

-2
 M

-1
s

-1
   (3.2) 

Fe(OH)
2+

  +  hν   →   Fe
2+

  +  HO
•
                                                                             (3.3) 

[Fe(COO−R)]
2+

  +  hν   →   Fe
2+   

+ CO2  +  R
•
                                                          (3.4) 

 

Until now, the process pH was generally perceived as the limiting factor for photo-Fenton 

systems, because Fe(OH)
2+

 the most photo-active Fe
3+

-hydroxy complex is predominant at 

low pH (~2.8). At near-neutral pH, zero-charge ferrous complexes [Fe(OH)2] formed, are 

very sensitive to oxidation and instantaneously form solid ferric (hydr)oxide compounds such 

as magnetite, goethite, lepidocrocite, or feroxyhyte. The type of precipitated ferric compounds 

depends on physico-chemical conditions such as acidity, redox conditions, temperature, ionic 

strength, presence of organic or inorganic ligands and bacterial activity (Jolivet et al., 2004). 

In waters containing dissolved organic matter (DOM), Fe
3+

 may complex with certain of these 

organic compounds. The Fe
3+

-organo complexes are stable at neutral pH, circumventing the 

need for the low pH of the standard photo-Fenton process. The photolysis of these Fe
3+

-

organo complexes, which generally have a high molar absorption coefficient in UV-A and 

visible light, leads to the regeneration of Fe
2+

 

and the formation of a ligand radical (Feng and 
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Nansheng, 2000) (Eq. 2.4). Both Fe
2+

 

and organic radicals react with O2,
 
leading to the 

formation of ROS (O2
•−

, HO
•
, H2O2)  (Faust and Zepp, 1993; Wu and Deng, 2000). 

Over the past few years, interest has grown in the application of near-neutral photo-Fenton 

treatment to inactivate larvae of freshwater mollusc (zebra mussel) (Bernabeu et al., 2011) 

and other types of microorganisms such as fungi (García-Fernández et al., 2012), virus 

(Nieto-Juarez et al., 2010) and Enterococcus faecalis (Ortega-Gómez et al., 2012). However, 

the mechanism underlying the photocatalytic inactivation process has not been investigated in 

detail. Numerous studies on elucidating the mechanism of photo-killing of bacterial cells 

using TiO2 concluded that cell envelope damage is the first and perhaps a major step for 

microbial inactivation. Sunada et al., (2003) proposed that bacterial death is caused by a 

significant disorder in cell permeability and the decomposition of the cell wall (Saito et al., 

1992). More specifically, Maness et al., (1999), Pulgarin et al., (2012) and Pigeot-Rémy et 

al., (2011), concluded that TiO2 photocatalysis promotes the peroxidation of the phospholipids 

in the membrane. More recently, Dalrymple et al., (2011) reported that lipid peroxidation 

processes are crucial to E. coli inactivation using TiO2 suspension and UV-A light sources.   

For the first time, this study investigates cell envelope damage during E. coli inactivation by 

the near-neutral photo-Fenton system and compares the underlying mechanisms with the 

photo-catalytic action of TiO2. The production of malondialdehyde (MDA) was used as an 

index to assess cell membrane damage by lipid peroxidation, and the ortho-nitrophenyl-β-D-

galactoside (ONPG) test was used as an index of cell permeability. To confirm the effect of 

both types of photo-oxidative treatment on the bacterial wall, lipopolysaccharide (LPS), an 

essential compound of the cell wall of E. coli, was used as a model. Finally, lipid peroxidation 

during photo-assisted Fe
2+

/Fe
3+

 treatment and its correlation with bacterial inactivation were 

assessed.  

 

3.2 Materials and methods 

 

3.2.1 Chemicals  

 

This study used the commercial mixed-phase TiO2–based photocatalyst, Degussa P25 

(Frankfurt, Germany) as a high-activity model photocatalyst. Degussa P25 is composed of 

anatase and rutile crystallites (typical reported ratio of 75:25), having irregular shapes and 

average particle sizes of 20–30 nm. The specific surface area of TiO2 particles is 50 m
2
/g. The 
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reactants used for the Fenton process were ferrous sulphate heptahydrate (FeSO4˙7H2O) 

(Riedel-de Haën 99-103.4%), iron chloride (FeCl3˙6H2O) (Fluka, Buchs, Switzerland) and 

hydrogen peroxide (H2O2) 30% w/v (Riedel de Haën, Darmstadt, Germany). The 

lipopolysaccharide (LPS) FITC from E. coli 055:B5 (Code F8666) and ortho-nitrophenyl-β-

D-galactoside (ONPG) were purchased from Sigma Aldrich and used without further 

purification. LPS was dissolved in ultrapure water (0.4 mg/mL). With a lower concentration, 

no malondialdehyde (MDA) signal was detected using high performance liquid 

chromatography (HPLC). All solutions were prepared immediately prior to irradiation using 

ultrapure water.    

 

3.2.2 Analytical methods 

 

3.2.2.1 Dissolved iron 

Dissolved iron (Fe
2+

/
3+

) was measured using the Ferrozine method as described previously 

(Spuhler et al., 2010). Total dissolved iron was measured using an Inductively Coupled 

Plasma Emission Spectrometer (ICP-ES) (Shimadzu) ICPE-9000. Samples were filtered (0.25 

µm) and kept in acid solution previous to the determination. The detection limit of ICP-ES 

used for this experiment was 0.2 µg/L.  

 

3.2.2.2 Analysis of H2O2 concentration 

The concentration of H2O2 was monitored using a titanium (IV) oxysulfate solution via a 

spectrophotometric method at 410 nm (modified method DIN 38 402 H15). The titanium (IV) 

oxysulfate method has a 0.1 mg/L detection limit.  

 

3.2.2.3 Electron spin resonance spectroscopy (ESR)   

Electron spin resonance spectroscopy (ESR) in combination with spin-trapping were used to 

monitor the formation of ROS, in other words, hydroxyl (HO
•
) and superoxide (O2

•−
) radicals, 

generated by either the near-neutral photo-Fenton processes or under the photo-catalytic 

action of TiO2 particles. A commercial spin trap, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 

from Sigma–Aldrich (Buchs, Switzerland) was used to trap ROS. DMPO was purified before 

use through distillation on activated charcoal. Then, a stock solution of 0.5 M DMPO in 

ultrapure water was stored at –20 
°
C.  
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The following reagents studying the photo-generation of ROS using the near-neutral photo-

Fenton system: 0.6 mg/L of iron (FeSO4) and 10 mg/L of H2O2. To study the formation of 

ROS under the photo-catalytic action of TiO2, the aqueous suspension containing 1 mg/mL of 

TiO2 particles in ultrapure water was prepared. Just before performing the photo-generation of 

ROS, DMPO (100 mM) was added to Fenton’s reagents or aqueous suspensions containing 

TiO2. Subsequently, 2 mL aliquots of the prepared samples were transferred into small Pyrex 

beakers (5 mL volume, 20 mm outer diameter and 30 mm height) and exposed to simulated 

solar light under constant agitation. Subsequently, the solutions of either the Fenton’s reagents 

or the water suspensions of TiO2 particles were drawn into thin glass capillaries (0.7 mm 

ID/0.87 mm OD, from VitroCom, NJ, USA), which were then sealed on both ends using the 

Cha-Seal™ tube-sealing compound (Medex International, Inc, USA). ESR measurements 

were carried out at room temperature using a Model EleXsys 500 Bruker X-band 

spectrometer (Bruker BioSpin, Karlsruhe, Germany) equipped with a high-Q cylindrical TE011 

microwave cavity, Model ER4123SHQE. The instrumental settings were: frequency of 9.4 

GHz; microwave power of 0.63 mW; scan width of 120 G; magnetic field resolution of 2048 

points; modulation frequency of 100 kHz; modulation amplitude of 1.0 G; receiver gain of 60 

dB; conversion time of 40.96 ms; time constant of 20.48 ms and sweep time of 84 s. 

The spin-adducts concentrations were measured using double-integration of the first-

derivative ESR spectra. The resulting areas were compared with the ESR signal from 10 

µmol/L of a stable nitroxide radical, 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl 

(TEMPOL, Sigma–Aldrich, Switzerland). The data analysis was carried out using Origin Pro 

9.0 software.  

 

3.2.3 Bacterial strains and growth media 

 

The bacterial strain used was E. coli K12 (MG1655), a non-pathogenic wild-type strain that 

can be handled with little genetic manipulation. Bacteria was inoculated from a stock in 

Luria–Bertani (LB) and incubated at 37 °C and 180 rpm in a shaker incubator. After 8 h, 

cells were diluted (1% v/v) in pre-heated LB broth and incubated at 37 °C for 15 h in the 

incubator until a stationary physiological phase was reached. Cells were separated 

during the stationary growth phase by centrifugation (15 min at 5000 rpm and 4 °C). The 

bacterial pellet was re-suspended and washed for 10 min in the centrifuge (twice). This 
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procedure resulted in a bacterial pellet of approximately l0
9
 colony forming units per 

milliliter (CFU/mL).  

 

3.2.4 Photo-inactivation experiments 

  

At the beginning of each experiment, the Pyrex reactors (4 cm x 9 cm, 100 mL) containing the 

bacterial suspension in ultrapure water were placed in the dark at 25 °C and kept under 

magnetic for at least 30 min to let the bacteria adapt to the new matrix and to allow the die-off 

and equilibration of the most stress sensitive species. Then, Fenton’s or TiO2 reagents were 

added and exposed to irradiation. Aliquots were taken during set intervals within the 

inactivation time. The control experiment consisted of an E. coli suspension without reagents. 

Concentrations were set as follows: Fenton’s reagents (Fe
2+

/
3+

 0.6 mg/L, H2O2 10 mg/L), 

and TiO2 photocatalysis (1 mg/mL). These concentrations are in the optimal range reported in 

the literature for photo disinfection studies (Spuhler et al., 2010).  

Light was provided by a solar simulator CPS Suntest System (Heraeus Noblelight, Hanau, 

Germany). The Suntest bears a lamp that emits ∼0.5% of the photons at 

wavelengths < 300 nm (UVC cut-off at 290 nm), ∼7% between 300 and 400 nm and the rest 

follow the solar spectrum above that value until Infrared range (IR) (IR was cut-off by 

filtering). The radiance intensity was measured by a spectroradiometer, Model ILT-900-R 

(International Light Technologies) and corresponded to 1322 W/m
2
 of light global intensity 

(32.6 W/m
2
 on the UV). 

Bacterial reactivation and/or growth of bacteria were determined for some experiments by 

leaving the last samples in the dark at room temperature (20–25 °C) for 24 h before the 

measurement of the CFU.   

 

3.2.5 Determination of lipid peroxidation 

 

Lipid peroxidation level was measured using the accumulation of malondialdehyde (MDA) 

and quantified through HPLC after both photo-oxidative treatment methods on E. coli and 

LPS (Karatas et al., 2002). Briefly, chromatographic determinations were performed on an 

Agilent 1100 series HPLC equipped with a UV absorbance detector. Samples filtered were 

injected via autosample and eluted at a flow rate of 0.9 mL/min
 
through a column (Nucleosil 

C18, Marcherey-Nagel) using as mobile phase a mixture of 3 mM de KH2PO4–MeOH 
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(65+35% v/v) at pH 4.0. Chromatograms were monitored at 268 nm and the retention time of 

MDA was 3.9 min. For calibration purposes, a solution of MDA was prepared through acid 

hydrolysis of 1,1,3,3-tetraethoxypropane, as in Tsaknis et al., (1998).  

 

3.2.6 Damage in cell envelope by photo-Fenton and TiO2 photocatalysis  

 

Ortho-nitrophenyl-β-D-galactoside (ONPG) is a synthetic chromogenic substrate for the 

intracellular β-D-galactosidase of E. coli that can be used to gauge the level of cellular 

damage during the photocatalytic process and assess to it any correlation of cell death. ONPG 

is hydrolyzed to o-nitrophenol (ONP) when it reacts with β-D-galactosidase, which results in 

a yellow color under alkaline conditions. The production of ONP over time was monitored 

using a spectrophotometer at 420 nm. This assay was carried out as described by Huang et al., 

(2000), with minor modifications. In order to enhance the synthesis of β-D-galactosidase by 

E. coli, the following culturing method was employed. E. coli grown in LB Broth for 18 h at 

37 °C was further spiked to a flask containing 1 mM of isopropyl β-D-thiogalactopyranoside 

and 100 mL of LB Broth. After incubation for 4 h at 32 °C in a shaking incubator, the 

suspension was centrifuged at 4500 rpm for 10 min at 4 °C and washed using ultrapure water. 

The hydrolysis rate for intact and lysed cells was determined. An aliquot of 9 mL washed 

cells was mixed with 1 mL ONPG (5 mM in sterile ultrapure water) then, 0.9 mL samples 

were transferred to sterile Eppendorf tube. Each 3 min interval for 12 min, 0.1 mL of a 1 M 

sodium carbonate/bicarbonate buffer (pH 10) was added to both stop the enzyme-substrate 

reaction and to obtain maximal absorbance. The kinetics was determined by following the 

absorbance of the samples and the slope was determined by linear regression of absorbance 

versus time.   

A sample from the photocatalytic experiments were taken at 15 min intervals for 120 min in 

duplicate. The ONPG hydrolysis reactions were initiated by transferring 4.5 mL of 

illuminated samples to the dark in duplicates in a tube, followed by an addition of an equal 

volume of ultrapure water and 1 mL of ONPG. TiO2 and cells were removed by 

centrifugation at 4 °C and 4500 rpm for 10 min. Exceeding H2O2 was neutralized with 

catalase for photo-Fenton treatment. The pH of the supernatant was raised to 10 by the 

addition of a sodium carbonate/bicarbonate buffer. The absorbance of the mixture was 

measured at 420 nm and the hydrolysis rate was determined as described in section 2.6.  
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The effect of TiO2 photocatalyst and photo-Fenton treatment on cell-free β-D-galactosidase 

was examined using cell lysate.  An aliquot of 2 mL washed cell was transferred in a beaker 

and followed by the addition of 50 µL chloroform and vigorous stirring for 15 min. This 

solution was then diluted 1:10 in ultrapure water and subjected to TiO2 photocatalytic and 

photo-Fenton treatment as described before in this section. The illuminated cell lysates were 

transferred to the dark at 15 min intervals for 120 min followed by the ONPG assay as 

described above.   

 

3.3 Results and discussion 

 

3.3.1 Comparative bacterial inactivation mechanisms under near-neutral photo-

Fenton and TiO2 photocatalysis 

 

To determine cell wall damage in E. coli, lipid peroxidation was monitored through 

accumulation of MDA, one of the most abundant aldehyde forms originating from the 

peroxidation of bacterial lipid membranes (Esterbauer and Cheeseman, 1990; Candan, 2008). 

As Figure 3-1 (a) (traces ((▲) and ♦)) shows, even though MDA accumulation was low for 

both TiO2 photocatalysis and near-neutral photo-Fenton treatment before 120 min, this effect 

was nevertheless sufficient to induce a significant bacterial inactivation, a ~5 log10 reduction 

(99.99%) of the initial E. coli concentration as shown in Figure 3-1 (b) (traces (▲) and (♦)).  

Thus, E. coli inactivation, monitored by the cultivability measurements in petri dishes, does 

not correlate in time with the appearance of MDA. This low MDA accumulation before 120 

min can be explained by (i) limited peroxidation (not noticeable by significant MDA 

accumulation), which is enough to induce cultivability losses, and (ii) the contribution of 

other parallel processes that lead to physiological perturbations related to the attack of cell 

wall components. At a more advanced stage of treatment (up to 120 min, Figure 3-1 (a), trace 

(▲)), TiO2 photocatalysis leads to important MDA accumulation compared with the photo-

Fenton process that seems to be produced from inactivated and dead bacteria for both 

processes. 
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(a) 

 

 
 
 

(b) 

 
 

 

Figure 3-1: (a) Lipid peroxidation based on MDA accumulation and (b) E. coli inactivation 

during: (I) (▲) TiO2 photocatalysis (1 mg/mL); (II) (♦) photo-Fenton  (III) (●) FeSO4 under 

light; (IV) (∎) H2O2, under light; (V) (○) light alone; (VI) (+) Fenton. Experimental 

conditions: [Fe
2+

]: 0.6 mg/L, [H2O2]: 10 mg/L. Irradiated with simulated solar light. 

Experiments were conducted in triplicate and standard error was found to be approximately 

5%.  
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The E. coli inactivation under photo-Fenton treatment resulted in accumulation of MDA at 

time zero with a maximum concentration at 300 min (Figure 3-1 (a), trace (♦)). The low 

accumulated concentration of MDA found in photo-Fenton processes compared with TiO2 

photocatalysis are similar to levels found when using chemical disinfectants such as ozone, 

chlorine dioxide, free chlorine, and UV irradiation to inactivate E. coli. Cell wall damage was 

reported to be more pronounced with a strong oxidant (such as ozone), causing delayed 

diffusion as the oxidant reacts with various cell components. In contrast, damage in the inner 

cell components was more apparent with weaker oxidants (such as free chlorine) that have 

limited reactions with cell walls and that reach the cell plasma (Cho et al., 2010). This 

situation may occur for near-neutral photo-Fenton treatment resulting in efficient bacterial 

inactivation, but that reveals rather limited lipid peroxidation (Figure 3-1 (a), trace (♦)). 

Control experiments Fe
2+

/hv; H2O2/hv; hv alone and Fenton does not significantly contributed 

to lipid peroxidation (Figure 3-1 (a)). However, the complete bacterial inactivation was 

achieved for Fe
2+

/hv and H2O2/hv system controls and 5 log and 2 log reduction of bacteria 

under light alone and Fenton systems were reached at 420 min of treatment (Figure 3-1 (b)). 

Thus, extensive membrane damage may not be the only pathway in the inactivation of 

bacteria by photo-Fenton treatment. The intensification of internal (photo)Fenton processes by 

the synergistic action of UV-A light and external Fenton’s reactants seem important to 

bacterial inactivation by photo-Fenton process at near-neutral pH.  

Although the initial Fe
2+

 added to the solution was 0.6 mg/L, the concentration of total 

dissolved iron
 
measured at time 0 min was 0.3 mg/L, 0.2 mg/L at 60 min, and negligible 

beyond 60 min of treatment (Table 3-2). This loss of dissolved iron may be provoked by (i) 

the iron precipitation as ferric (hydr)oxide attributable to near-neutral pH (Table 3-.1) 

(Cornell and Schewetmann, 2003), (ii) adsorption on the bacterial wall, and (iii) Fe
2+

 intake 

by bacteria. Thus, after 60 min of treatment (Figure 3-1 (b), trace (♦)), E. coli inactivation 

could be mediated by heterogeneous photocatalytic action of solid iron species as iron 

(hydr)oxide, mostly goethite (α-FeO(OH)) and/or lepidocrocite (γ-FeO(OH)) that could be 

formed by oxidation of Fe
2+

 in solution at near-neutral pH (Cornell and Schewetmann, 2003). 

This result corresponds to previous findings by Nieto-Juarez et al., (2010) who showed that 

inactivation of MS2 coliphage in a Fenton-like system at pH 6.8 was mediated by iron 

colloids rather than dissolved iron.  

To detect the ROS generated on the surface of the catalyst under illumination with simulated 

solar light, the ESR spin trap technique with DMPO was used. In particular, DMPO 
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scavenges both HO
•
 and O2

•− 
radicals, thus leading to the formation of spin-adducts, DMPO–

OH and DMPO–OOH, respectively. Both resulting paramagnetic products reveal distinct and 

easily recognizable ESR spectra. However, the DMPO–OOH spin adduct is well known to be 

highly unstable and rapidly decomposes into the DMPO–OH spin adduct (Buettner and 

Mason, 1990). Therefore, as a result, a characteristic ESR spectrum of the DMPO–OH spin 

adduct consisting of four well resolved peaks (1:2:2:1 quartet, aN = aH = 14.9 G) is usually 

observed (insert in Figure 3-2). In fact, such ESR spectra were observed for all of the studied 

photo-catalytic systems after exposure to simulated solar light, highlighting their ability to 

generate both HO
•
 and O2

•− 
radicals.   

The Figure 3-2 summarizes the ESR spin-trapping experiments for TiO2 photocatalysis and 

photo-Fenton systems. The intensity plots of the ESR signal of DMPO–OH as a function of 

illumination time represent the photocatalytic efficiency of the studied systems. The steepest 

slope of the DMPO–OH intensity plots was observed for TiO2 (Figure 3-2, trace (▲)). The 

corresponding time-evolution of acquired ESR signals is shown in the insert to Figure 3-2. 

Note that no ESR signals of DMPO–OH were detected before illumination in this experiment. 

These results suggest that exposure to the simulated solar light was essential for generation of 

reactive oxygen species, including HO
•
, on the surface of the TiO2 photocatalyst. This 

phenomenon also points to a classical mechanism of the light-induced promotion of valence 

band electrons to the conduction band, which yields valance band holes (hvb
+
) and produces 

HO
•
 radicals at the particle surface. The high efficiency of the photo-generation of ROS in the 

presence of the TiO2 photocatalyst corroborates with the observed high rate of lipid 

peroxidation in E. coli cells exposed to the photo-catalytic action of this catalyst (Figure 3-1 

(a), trace (▲)). Thus, HO
•
 radicals, along with other ROS, such as O2

•−
, and H2O2 generated 

on the illuminated TiO2 surface, can attack polyunsaturated phospholipids in E. coli cell 

membranes, leading to their breakdown and cell death (Maness et al., 1999). Additionally, 

hvb
+ 

of the catalyst can disturb cell membranes, leading to oxidative stress and, eventually, cell 

death (Figure 3-1 (b), trace (▲)). These findings show that the TiO2 photocatalyst was highly 

efficient in the inactivation of E. coli under simulated solar light even if TiO2 utilizes only 4% 

of the solar spectrum and cannot efficiently utilize visible light which is approximately 43% 

of the solar spectrum for photocatalytic disinfection.  

The oxidative species were also generated by FeSO4–based photo-Fenton system, as shown in 

Figure 3-2 trace (♦). Interestingly, for the FeSO4–based photo-Fenton system, a small ESR 

signal of DMPO-OH resulting from the Fenton process in the dark was already observed 
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before illumination. This ESR signal markedly increased on illumination with simulated solar 

light (Figure 3-2, trace (♦)). The observed difference in the extent of lipid peroxidation found 

between the photo-catalytic action of TiO2 and the FeSO4 based photo-Fenton system (Figure 

3-1 (a) traces (▲) and (♦) is attributed to the cellular charge effect that may facilitate the 

adsorption of bacteria cells to TiO2 particles, leading to the production of HO
•
 close to 

bacteria affecting the cell wall lipopolysaccharides (Saito et al., 1992). The adsorption of 

bacteria on TiO2 and the photocatalytic reactivity of TiO2 are affected by the pH of the 

suspension. In the experiments involving the TiO2 photocatalyst, the pH decreased from 6.5 to 

5.0 (Table 3-1). This concomitant decrease in pH is the result of (i) generation of aliphatic 

acids during photocatalytic oxidation of bacteria and (ii) production of protons (Guillard et 

al., 2008).   

Because the isoelectric point (IEP) of titania is between 6.5 and 7.0 and the pH decreased 

during the treatment, the density of TiOH2
+
 groups increased in the solution and the TiO2 

surface becomes positively charged. Gumy et al., (2006a) investigated the electrostatic 

attraction between the E. coli and commercial TiO2 powders. They observed that the 

isoelectric point is correlated with the catalytic activity of TiO2 powders in E. coli 

inactivation. When the TiO2 surface is positive, the E. coli inactivation process was observed 

to be more efficient. More recently, studies reported by Pigeot-Rémy et al., (2011) showed 

the importance of the cell wall envelope as the primary target of TiO2 treatment. Even in the 

dark, the contact between TiO2 and bacteria damages the cell wall. In contrast, contact 

between E. coli and SiO2 did not induce changes in bacterial permeability which was 

explained by the different electrostatic charges on the two types of surfaces at the pH of the 

reaction. 
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Figure 3-2: The ESR-measured formation of hydroxyl radical (HO
•
): (i) (▲) TiO2 

photocatalysis (1 mg/ml); (ii) (♦) photo-Fenton (FeSO4 ([Fe
2+]: 0.6 mg/l), H2O2 (10 mg/l), 

under light), (III) (○) light alone. Insert: typical time evolution of the ESR traces of the 

paramagnetic spin adducts, DMPO-OH, during the photocatalytic process mediated by 

nanoTiO2. 

 

Table 3-1: Initial (i) and final (f) values of pH and H2O2 for various systems 

Systems under simulated solar light pHi pHf H2O2i H2O2f 

Figure 3-1 (a), (b)     

   Photo-Fenton:  FeSO4 (Fe
2+

 0.6 mg/L), H2O2 (10 mg/L), hv 6.7 6.1 10.0 0.5 

   TiO2 photocatalysis (1 mg/mL) 6.5 5.0 - - 

Figure 3-3     

   TiO2 photocatalytic (1 mg/mL) 6.8 5.2 - - 

   Photo-Fenton: FeSO4 (Fe
2+

 0.6 mg/L), H2O2 (10 mg/L), hv  6.8 6.4 10.0 5.2 

Figure 3-5 (a), (b)     

   FeSO4 (Fe
2+

 12 mg/L), hv 5.7 5.3 - - 

   FeCl3 (Fe
3+

 12 mg/L), hv 5.4 4.7 - - 

Figure 3-6 (a), (b)     

   Photo-Fenton: FeSO4 (Fe
2+

 0.6 mg/L), H2O2 (10 mg/L), hv 6.5 5.6 10.0 0.4 

   TiO2 photocatalysis (1 mg/mL) 6.2 5.1 - - 
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Table 3-2: Evolution of total dissolved iron (Fetot mg/L) for various systems. 

Systems 
Time of reaction (min) 

0 60 120 180 300 

Figure 3-1 (a), (b)      

   Photo-Fenton:  FeSO4 (Fe
2+ 

0.6 mg/L), H2O2 (10 mg/L), hv 0.3 0.2 0.0 0.0 0.0 

Figure 3-3      

   FeSO4 (Fe
2+

 0.6 mg/L), H2O2 (10 mg/L), hv) pH 7.0 0.4 0.4 0.3 0.1 0.0 

Figure 3-6 (a), (b)      

   Photo-Fenton:  FeSO4 (Fe
2+ 

0.6 mg/L), H2O2 (10 mg/L), hv 0.3 0.1 0.0 0.0 0.0 

 

 

3.3.2 Lipid peroxidation using lipopolysaccharide (LPS) 

 

To test whether MDA was indeed a product of bacterial lipid peroxidation, pure LPS, a 

component of bacterial wall (Nadtochenko et al., 2006), was used as a model target and was 

exposed to both photo-Fenton and TiO2 photoctalysis. Figure 3-3 (trace (▲)) shows that 

MDA levels started to increase to a maximum value of 50 nmol/mg LPS at 30 min, indicating 

that important peroxidation of membrane lipid was occurring with TiO2 treatment. For near-

neutral photo-Fenton treatment under simulated solar light, low MDA accumulation (maximal 

concentration of 2.5 nmol/mg before 300 min of treatment) was detected compared with TiO2 

treatment (Figure 3-3, trace (⧫)). Dissolved iron was observed until 180 min of treatment 

(Table 3-2), probably resulting from the LPS chelating effect that favors the maintenance of 

iron in solution, even a near-neutral pH (Table 3-1). Modest lipid peroxidation, even on 

relatively high concentrations of pure LPS, support the hypothesis that this pathway is not the 

only one in bacterial inactivation and death by photo-Fenton treatment at near-neutral pH. In 

each experiment, a residual peroxide concentration was detected at the end of the 

experiments, ensuring that a photo-Fenton reaction occurred during entire treatment period 

(Table 3-1). 
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Figure 3-3: Lipid peroxidation based on MDA accumulation on LPS (0.4 mg/L) during: (I) 

(▲) TiO2 photocatalysis (1 mg/mL); (II) (♦) photo-Fenton (FeSO4 ([Fe
2+

]: 0.6 mg/L), H2O2 

(10 mg/L), under light). Experiments were conducted in triplicate and standard error was 

found to be approximately 5%.   

 

3.3.3 MDA degradation 

 

Lipid product MDA is known as a target of oxidative degradation. Thus, to assess the extent 

of the oxidative degradation of MDA under both photocatalytic treatments, different MDA 

solutions (2.0 nmol/mL) were treated for 30 min with both TiO2 photocatalysis and photo-

Fenton process. The residual amount of MDA was determined using the same analytic 

method of HPLC. Figure 3-4, trace (▲)) shows that MDA was oxidatively destroyed within 

10 min by TiO2 photocatalysis, whereas the degradation kinetic for photo-Fenton treatment 

was slower (longer than 20 min) (Figure 3-4, trace (⧫)). These results indicate that MDA 

under photo-catalytic conditions is a relatively unstable product that undergoes further 

metabolic transformations. MDA has two aldehyde groups, and the degradation products are 

expected to be ring cleavage products, such as malonic semialdehyde, malonate, 

monoaldehydes (formaldehyde, acetaldehyde), monoketons (acetone), and carboxylic acids 

(formic and/or acetic acid), or complete mineralization products such as CO2, and H2O 

(Janero, 1990). Therefore, the MDA values in each peroxidation lipidic experiment are the net 

result of its production and photocatalytic degradation in oxidative conditions. Thus, 

eventually, the rate of MDA degradation exceeds the rate of MDA production, as observed 

after 300 min of reaction in the TiO2 photocatalysis, and photo-Fenton treatment on bacteria 

 

 
II 
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(Figure 3-1 (a), trace (▲)) and 30 and 300 min on LPS (Figure 3-3 (traces (▲) and (♦)). 

Although the TiO2 photocatalysis treatment degrades MDA at higher rates, its accumulation 

during lipid peroxidation was also higher when compared with the photo-Fenton treatment 

with a similar disinfection efficiency (Figure 3-1 (a), traces (▲) and (♦)). 

 

 

Figure 3-4: MDA degradation during: (I) (▲) TiO2 photocatalysis (1 mg/mL); (II) (♦) photo-

Fenton (FeSO4 ([Fe
2+

]: 0.6 mg/L), H2O2 (10 mg/L), under light). Experiments were conducted 

in triplicate and standard error was found to be approximately 5%.   
 

3.3.4 Bacterial inactivation mechanism depending on the use of Fe
2+

 or Fe
3+

   

 

Several studies reported that extracellular Fe
2+ 

can penetrate into the cell or react with oxygen, 

leading to the formation of ROS under light (Catastini et al., 2002; Lau et al., 2013). At near-

neutral pH values, Fe
3+

-organo complexes are able to play an important role in the 

photogeneration of HO
•
 radicals that attack cellular membranes, causing lipid peroxidation. 

Because we used ultrapure water, these Fe-organo complexes are formed by by-products 

generated from bacteria degradation and lysis. Therefore, we evaluated the effect of Fe
2+

 and 

Fe
3+ 

under simulated solar light on lipid peroxidation during bacterial inactivation. As Figure 

3-5 (a) (traces (■) and (●)) shows, higher MDA accumulation was observed for the treatment 

initiated with Fe
3+

/hv compared with Fe
2+

/hv system. Nevertheless, the inactivation rates for 

both photo-treatment methods were similar with a 7 log10 reduction in E. coli concentration 

reached after 5 h (Figure 3-5 (b), traces (■) and (●)). The significant MDA accumulation 

II 
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observed with Fe
3+

 under simulated solar light is probably the result of Fe
3+

 binding to 

proteins of the bacterial membrane and their carboxylic endgroups forming Fe
3+

-bacteria 

complexes. The photo-reduction of these complexes under UV-A and visible radiation, leads 

to a reduction of Fe
3+

 to Fe
2+ 

and oxidation of the chelating ligand via LMCT (Feng and 

Nansheng, 2000). Both, Fe
2+

 

and ligand radicals react with O2, forming ROS (O2
•−

, HO
•
, 

H2O2) close to the target bacteria and leading to lipid peroxidation chains (Cabiscol et al., 

2000) and bacterial inactivation (Figure 3-5 (b), trace (■)), for example, because of increased 

permeability and/or the disruption of trans membrane ion gradients (Braun, 2001; Cieśla et al., 

2004; Spuhler et al., 2010).    

To manage the transport of Fe
3+

 into the cell, E. coli elaborate and secrete high affinity 

extracellular ferric chelators called siderophores to solubilize iron prior to transport (Köster, 

2001). The first step in the internalization process (for Gram-negative bacteria) requires outer 

membrane (OM) receptor proteins that bind cognate ferri-siderophores with high specificity to 

transfer iron into the cytoplasm. Once internalized, this process is thought to involve 

reduction of the siderophore-associated iron resulting in oxidized siderophore dissociation 

attributable to the relatively low affinity of siderophores for Fe
2+

. Thus, into the cell, Fe
2+

 can 

react with metabolic H2O2 to generate internal HO
•
 radicals. However, the internal photo-

Fenton reaction promoted by the siderophores penetration of Fe
3+

 and its subsequent delivery 

as Fe
2+ 

is considerably less rapid than that originating from the direct penetration of Fe
2+

 

forms. Hence, the E. coli inactivation observed for Fe
3+

 under light in Figure 3-5 (b) (trace 

(■)) could be mediated principally by the ROS generated by the photosensitization of Fe
3+

-

bacteria complexes and Fe
3+

-siderophore complexes (Borer et al., 2005). The formation of 

these complexes with bacteria can be corroborated through the detection of dissolved ferric 

species using the Ferrozine method even at pH 5.4 (Figure 3-5 (c), trace ( )) in which the 

ferric species are complexed and, thus, solubilized by internal bacteria components (A. 

Safarzadeh-Amiri et al., 1996). However, the dissolved ferric species decrease further in the 

treatment. The quasi-stationary concentrations observed for dissolved Fe
2+

 and Fe
3+ 

in 

photocatalytic redox cycle after 120 min to 300 min in Figure 3-5 (c), trace ( ) result from 

Fe
2+ 

generation by photo-reduction of Fe
3+

-bacteria, Fe
3+

-siderophore, and Fe
3+

 by-product 

complexes from one side and the oxidation of Fe
2+

 by O2 on the other side. However, part of 

the Fe
3+ 

precipitates as insoluble Fe-(hydr)oxides at the experimental pH (Table 3-1) because 

an average of 54% of total dissolved iron was lost.  
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The photo-inactivation rate observed in the treatment initiated with Fe
2+

 under light (pH 5.7) 

(Figure 3-5 (b), (trace (●)) is the result of intracellular Fenton’s reactions because added Fe
2+

 

can diffuse freely into cells given a lower charge density compared with Fe
3+

,
 
and it is 

enhanced by favorable osmotic forces present in ultrapure water (Cartron et al., 2006; Spuhler 

et al., 2010). Additionally, Fe
2+

 can be transported into the cytoplasmic membrane through 

specific proteins, essential for Fe
2+

 uptake in bacteria (Lau et al., 2013). Once internalized, 

Fe
2+ 

leads to the generation of HO
•
 radicals when reacting with metabolic H2O2 accumulated 

once catalase is inactivated by UV-A radiation (Braun, 2001). Even though MDA 

accumulation was not detected in the presence of Fe
2+

 before 180 min of treatment (Figure 3-

5 (a), trace (●)), 5 log10 of the initial E. coli concentration was inactivated at this time (Figure 

3-5 (b), trace (●)). This result indicates that, under light treatment, and in contrast to Fe
3+

, 

Fe
2+

 does not significantly contribute to lipid peroxidation to inactivate bacteria. MDA 

accumulation begun to be detected only after 180 min of treatment (Figure 3-5 (a), trace (●)) 

because Fe
2+

 goes in, becomes Fe
3+

, and targets the cell membrane. Further in the treatment, a 

significant concentration of dissolved ferrous species was observed during the treatment 

(Figure 3-5 (d), trace ( )), favored by (i) the formation of complexes with by-products 

generated from bacterial inactivation that may help Fe
2+ 

solubilisation, and (ii) the pH because 

at near-neural pH, soluble iron species such as [Fe]
2+

, [Fe(OH)]
+
 and [Fe(OH)2] are formed in 

the aqueous system, and the [Fe(OH)2] species dominates before undergoing subsequent 

oxidation by O2 (Morgan and Lahav, 2007). In our cases, the oxidation rate could be reduced 

through the high concentration of Fe
2+

 in the solution because the amount of dissolved oxygen 

is inversely proportional to the iron content of the water (Dendy, 1968). 

The control experiment under simulated light irradiation (Figure 3-5 (b), trace (○)) shows a 5 

log10 reduction of initial E. coli concentration before 420 min of irradiation. Thermal 

inactivation can be excluded because temperatures did not exceed 38 °C (Berney et al., 2006); 

therefore, inactivation was predominantly the result of optical effects. A part of the observed 

photo-inactivation in ultrapure water could be the result of the endogenously generated ROS. 

The excited endogenous photosensitizer may react directly with cellular biomolecules, 

including the attack of proteins and cell membrane components (Gourmelon et al., 1994a), 

leading to lipid peroxidation chains as was observed after 180 min of treatment (Figure 3-5 

(a), trace (○)) and cell inactivation.  
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(a) 

 

(b)

 

 

(c) 

 

(d) 

 

 

Figure 3-5: (a) Lipid peroxidation based on MDA accumulation. (b) E. coli inactivation, 

during:  (I) (■) FeCl3 ([Fe
3+

]: 12 mg/L), under sole light; (II) (●) FeSO4 ([Fe
2+

]: 12 mg/L), 

under sole light; (III) (+) hv light. (c) Evolution of dissolved iron (Fe
2+

, Fe
3+

) after filtration 

during photo inactivation of E. coli suspended in a solution of FeCl3 ([Fe
3+

]: 12 mg/L). (d) 

Evolution of dissolved iron (Fe
2+

, Fe
3+

) after filtration during photo inactivation of E. coli 

suspended in a solution of FeSO4 ([Fe
2+

]: 12 mg/L). H2O2 was not added. Experiments were 

conducted in triplicate and standard error was found to be approximately 5%. 
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To further evaluate the bactericidal effect of simulated solar light in the presence or absence 

of Fe
2+

 after stopping illumination, post-irradiation events were monitored during 24 h of 

subsequent dark storage. As shown in Figure 3-5 (b) (trace (○)) in the dark, reactivation 

and/or growth of bacteria occur for bacteria treated with simulated solar light. After 24 h, 1 

log10 in bacterial counts were obtained. For the photo-assisted Fe
2+

 treatment (Figure 3-5 (b) 

trace (●)), no reactivation and/or growth of bacteria were observed and a delayed disinfection 

effect was observed to continue in the dark period. These results are interesting because no 

addition of hydrogen peroxide is needed and iron naturally present or added in water can act 

as a low-cost “photocatalyst” for solar water disinfection.   

The literature described the efficiency of the Fe
2+

 and Fe
3+

 for E. coli inactivation using 

simulated solar light. Previous work demonstrated that in the presence of 0.6 mg/L of Fe
2+

 or 

Fe
3+ 

under light, total bacterial inactivation was reached from 10
6
 CFU/mL in 120 and 180 

min for Fe
2+

 and Fe
3+

, respectively (Spuhler et al., 2010). In contrast, no significant 

differences were observed in our results as a function of the oxidation state of iron. García-

Fernández et al., (2012) also reported complete E. coli inactivation after 15 min (1.2 kJ/L) of 

solar exposure in the presence of 10 mg/L of Fe
3+

 with total dissolved iron of 1.4 mg/L.  

 

3.3.5 Disruption of bacteria cell wall by photo-Fenton and TiO2 photocatalytic 

action 

 

The ortho-nitrophenyl-β-D-galactoside (ONPG) hydrolysis rate was measured to determine 

the damage in cell walls during near-neutral photo-Fenton and TiO2 photocatalysis. 

Interestingly, in contrast to cellular permeability, the bacterial inactivation experiments 

mediated by both TiO2 photocatalysis and photo-Fenton proceeded with similar inactivation 

kinetics (Figure 3-6 (b), traces (▲) and (♦)). Indeed, the extent of cell damage measured using 

ONPG concentration was very different for both photo-oxidative treatments (Figure 3-6 (a), 

traces (▲) and (♦)). The experiment with TiO2 photocatalysis resulted in an immediate 

increase in the hydrolytic rate of ONPG with a maximum concentration at 90 min. Suggesting 

that TiO2 treatment disrupted the cell wall and/or cytoplasmic membrane, leading to an 

increase in cell envelope permeability by either an increase in small molecules toward the 

cell, such as ONPG, and/or the leakage of large intracellular molecules out of the cell. These 

results were also consistent with the results of Saito et al., (1992), Maness et al., (1999), 

Pigeot-Rémy et al., (2011), and Swetha et al., (2012), who confirmed that the cell envelope of 
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E. coli is indeed the initial target of TiO2 photocatalytic reactions and a primary cause of cell 

death. Under photo-Fenton treatment, a rise in the ONPG hydrolysis rate was observed after 

15 min (Figure 3-6 (a), trace (♦)) with a maximum concentration at 75 min of treatment. The 

corresponding damage of the E. coli cell envelope was lower compared with TiO2 

photocatalytic treatment. Thus, although photo-Fenton treatment induced only limited damage 

to the cell envelope, its overall deleterious effect could be sufficient to disrupt the external 

structure of bacteria and allow external H2O2 and/or iron ions to diffuse into the cell. In the 

latter case, the internal Fenton’s reactions are enhanced to produce powerful oxidative 

radicals that subsequently degrade intracellular components. These results are indicative of 

the difference in the extent of cell damage by photo-Fenton and TiO2 photocatalysis and 

possibly different mechanisms of bacterial inactivation. 

Figure 3-6 (a) shows that the ONPG hydrolysis rate declines beyond 75 and 90 min during the 

photo-Fenton or TiO2 photocatalysis treatment, respectively suggesting a loss of enzyme 

activity. Therefore, the effect of both photo-oxidative treatment methods on direct inactivation 

of cell-free β-D-galactosidase was evaluated using cell lysate. TiO2 photocatalysis showed a 

major loss of enzyme activity (90%) compared to photo-Fenton treatment (50%) beyond 45 

min of treatment (Figure 3-7). However, Figure 3-6 (a) shows that whole cells can maintain 

some level of enzymatic activity indicating that damage to the intracellular content can be 

precluded at the initial stages by the cell wall and cytoplasmic membrane. This observation 

confirms the role of the cell envelope as the primary target of TiO2 attack.  
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             (a) 

                      

 

 

 

 

 

 

 

 

(b) 

 

Figure 3-6: (a) Cell permeability change based on ONPG hydrolysis rate (b) E. coli 

inactivation during: (I) (▲) TiO2  photocatalysis (1 mg/mL); (II) (♦) photo-Fenton (FeSO4 

([Fe
2+

]: 0.6 mg/L), H2O2 (10 mg/L), under light). Experiments were conducted in triplicate 

and standard error was found to be approximately 5%. 
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Figure 3-7: Effect of the photocatalytic treatments on cell-free β-D-galactosidase activity 

using cell lysate: (I) (▲) TiO2 photocatalysis (1 mg/mL); (II) (♦) photo-Fenton (FeSO4 ([Fe
2+

] 

0.6 mg/L), H2O2 (10 mg/L), under light). Experiments were conducted in triplicate and 

standard error was found to be approximately 5%.    

 

3.4 Conclusions 

 

The results of lipid peroxidation and permeability change in the cell envelope suggest a 

mechanism of bacterial inactivation difference for near-neutral photo-Fenton and TiO2 

photocatalysis. The bacterial inactivation mechanism by photo-Fenton process at near-neutral 

pH is mediated by both internal and external processes that occur in bacteria. In contrast, for 

TiO2 photocatalysis, the cell envelope damage is a significant target. However, further 

investigations are required to elucidate this aspect.  

We propose that the mechanism of bacterial inactivation by photo-Fenton treatment at near-

neutral pH is mediated by both internal and external processes. Internal (photo)Fenton 

processes are mediated by the synergistic action of UV-A and external Fenton reactants. For 

external events, homogeneous and heterogeneous photocatalytic actions contributed to 

efficient bacterial inactivation.  

E. coli inactivation rates photo-assisted by the bare presence of Fe
2+

 and Fe
3+

 in the absence 

of H2O2 are similar. However, the specific action mode of each ionic form was not the same. 

For Fe
3+

/hv, the cell membrane damage was more important compared with Fe
2+

/hv. Fe
3+

 

binds to the cellular membrane and siderophores and generates localized ROS that attack 

II 
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cellular membranes, causing lipid peroxidation. Conversely, Fe
2+

 can diffuse into the cell 

through the FeO system and participate in intracellular Fenton’s reactions, leading to the 

generation of HO
•
 radicals when reacting with metabolic H2O2 inside the cells. Because iron is 

naturally present or added in water as Fe
3+

, the findings of this study are relevant to water 

disinfection via low-cost photocatalysts. 
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4. Iron oxides semiconductors are 

efficient for solar water disinfection: a 

comparison with photo-Fenton 

processes at near-neutral pH. 

Published in “Applied Catalysis B: Environmental, 166–167 (2015) 497-508”. 

 

 

Iron oxides photo-assisted bacterial inactivation in water  
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4.1 Introduction 

 

Drinking water scarcity is one of the most serious global challenges of our time (Aldhous, 

2003; Brame et al., 2011). The necessity for advanced water purification in terms of 

eliminating contaminants and killing bacteria will continue to increase, especially in 

developing countries where water treatment is often inadequate or non-existent. The photo-

assisted Fenton oxidation is one of the most popular and widely studied advanced oxidation 

processes (AOPs). In particular, photo-Fenton reactions play a key role in sunlight-assisted 

AOPs due to the fact that they take advantage of UV, near-UV and visible light up to 600 nm, 

thus comprising 35% of the total energy coming from the solar spectrum. Until now, the pH 

of the process was generally perceived as the limiting factor for photo-Fenton systems, 

because Fe(OH)
2+

, i.e. the most photo-active Fe
3+

-hydroxy complex under UV-A and visible 

solar light, is predominant at low pH (~2.8) (A. Safarzadeh-Amiri et al., 1996; Pignatello et 

al., 2006). However, recently, the photo-inactivation of E. coli by photo-Fenton system at 

near-neutral pH has been reported (Rincón and Pulgarin, 2006; Spuhler et al., 2010; Ruales-

Lonfat et al., 2013; Rodríguez-Chueca et al., 2014a; Rodríguez-Chueca et al., 2014b; Ruales-

Lonfat et al., 2014). A near-neutral pH, a spontaneous chemical oxidation of ferrous ions to 

ferric by dissolved oxygen in water occurs, involving a variety of partially oxidized meta-

stable ferrous–ferric intermediate species (e.g. green rusts). These iron intermediates 

ultimately transform into a variety of stable iron oxide end-products such as hematite, 

magnetite, goethite and lepidocrocite (Jolivet et al., 2004; Morgan and Lahav, 2007). 

Recent researches haves focused on the idea of replacing dissolved iron with solid catalysts in 

so-called heterogeneous Fenton reactions. In particular, quite a number of iron-containing 

systems have been developed for organic pollutants degradation, including iron oxides (He et 

al., 2002; Matta et al., 2007; Xue et al., 2009), iron-immobilized materials (Lv et al., 2005; 

Shin et al., 2008; Mazille et al., 2010), clays and carbon materials (Tabet et al., 2006; Chueca 

et al., 2012), etc.  

Iron oxides are among the most chemically reactive components of suspended matter in 

aquatic systems and can be easily prepared in laboratory conditions (Cornell and 

Schewetmann, 2003). Additionally, they are considered non-toxic and environmentally 

friendly compounds, similarly to free iron ions (Xu et al., 2012). Most of them reveal 
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semiconductor properties and then may also act as photocatalysts, even though their overall 

efficacy can be impaired by a very efficient hole–electron recombination (Zhangl et al., 

1993).  

Possible semiconducting mechanisms involved in iron oxide can be summarized as follows. 

In the first step, a photon with energy equal to or greater than the material’s band gap, which 

separates the conductance band (CB) and valence band (VB), is absorbed by a 

semiconducting particle of iron oxide. This gives rise to the generation of the electron/hole 

pair (Eq. (4.1)). Although the excited electron/hole pair can recombine and release the energy 

as heat, some of the excited electrons and holes can contribute to redox reactions on the 

surface of a semiconducting particle of iron oxide. The most relevant redox processes, which 

take place after the photo-generation of electrons (e
−

cb) and holes (h
+

vb) in semiconducting 

particles of iron oxide suspended in aqueous medium, containing also an organic substance 

(RX), are summarized in Eqs. (4.1)–(4.5) (Cornell and Schewetmann, 2003). (> Fe
2+ 

and > 

Fe
3+ 

represent the Fe
2+

/Fe
3+ 

species in solid or solution phase). 

 

Fe2O3 +   hν →   Fe2O3  (e
−
 + h

+
)                               (4.1) 

e
−

(cb)   +  O2   →   O2
•−

                                                                                                  (4.2) 

h
+

(vb)    +  O2
•−

   →   
1
O2                                                                                                 (4.3) 

e
−

(cb)     +  > Fe
3+  

→   > Fe
2+   

                                                                                      (4.4) 

h
+

(vb)      +  RXad  →     RXad
•+

                                           (4.5) 

 

Irradiation may also enhance the heterogeneous Fenton process on iron-bearing particles, by 

promoting the photo-reduction of > Fe
3+

OH
 
to > Fe

2+
 (Eq. (4.6)), which subsequently reacts 

with H2O2 generating HO
•
 radicals at the particle surface (Eq. (4.7)). 

 

> Fe
3+

OH  +  hν  →  > Fe
2+

  +  HO
•
                                     (4.6) 

> Fe
2+

  +  H2O2  →  > Fe
3+

  +  OH
−
 +  HO

•
                                                                (4.7)    

 

A large number of studies have demonstrated that iron oxide minerals such as magnetite, 

hematite, goethite or ferrihydrite are effective for oxidation of organic pollutants and 

compounds that affect water quality (Huang et al., 2001; He et al., 2002; Andreozzi et al., 

2003; Matta et al., 2007; Yuan et al., 2013). However, since little research has been 

conducted on these compounds towards inactivation of microorganisms present in aqueous 
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solutions (Mazille et al., 2010; Pecson et al., 2012; Asadishad et al., 2013; Nieto-Juarez and 

Kohn, 2013; Ruales-Lonfat et al., 2014), their role in bacterial inactivation is not well known. 

In our previous paper (Ruales-Lonfat et al., 2014), it was shown that goethite was efficiently 

inactivating bacteria, acting as semiconductor via a photocatalytic process and as an 

heterogeneous iron source in Fenton process around neutral pH. 

In this work, bacterial inactivation by addition of FeSO4 in illuminated water at initial pH of 

6.5 and 7.5 were studied in the absence or presence of H2O2. Also, the ferric precipitates 

formed during the treatments were identified. The main purpose of this work was to 

investigate the disinfection ability of four iron (hydr)oxides in aqueous media under solar 

light illumination, at near-neutral pH of 6.5, in the absence or presence of H2O2, to better 

distinguish their action mode, either as semiconductors or catalysts of the heterogeneous 

photo-Fenton process. The iron (hydr)oxide (hematite, goethite, wüstite and magnetite) used 

in this study are the most common constituents of the sub-surface environment. Furthermore, 

ROS generated by iron (hydr)oxides during these processes were identified and quantified. 

Finally, the influence of NOM on the activity of hematite during bacterial inactivation was 

evaluated.  

 

4.2 Materials and methods 

 

4.2.1 Chemicals  

 

Ferrous sulphate heptahydrate (FeSO4˙7H2O) (Riedel-de Haën 99-103.4%), hydrogen 

peroxide (H2O2) 30% w/v (Riedel de Haën). Sodium hydroxide (NaOH, 98%) and 

hydrochloric acid (HCl, 36.5%), were purchased from Sigma-Aldrich. The spin-trap, 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO), was purchased from Enzo Life Sciences (ELS) AG 

(Lausen, Switzerland). The spin probes, 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl 

(TEMPOL) and 4-oxo-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPONE), as well as their 

respective precursors, i.e. 2,2,6,6-tetramethyl-4-piperidinol (TMP-OH) and 2,2,6,6-

tetramethyl-4-piperidone (TEMPONE precursor),  were purchased from Sigma Aldrich 

(Buchs, Switzerland). The commercially available iron (hydr)oxides particles, i.e.  goethite, 

hematite, wüstite, and magnetite, were purchased from Sigma-Aldrich. The particles size were 
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(<50 mesh and <5 μm). The most relevant physicochemical properties of these iron 

(hydr)oxides particles are shown in Table 4-1.  

All solutions were prepared immediately prior to irradiation with the use of ultrapure water. 

Two different types of water were used to suspend bacteria i.e. ultrapure water and the natural 

water from Lake Geneva. Table 4-2 shows the physicochemical characteristics of these 

waters.  

Table 4-1: Physicochemical properties of the particles studied. 

Iron 

minerals 
Formula 

Iron oxidation 

state 

Surface area 

(m
2
/g)

a
 

IEP
b
 

Band-gap 

energy
b 
(eV) 

Goethite α-FeOOH +3 37.0 7.5-8.5 2.1 

Hematite α-Fe2O3 +3 - 8.5 2.2 

Wüstite FeO +2 10.0 8.0 2.4 

Magnetite Fe3O4 +2, +3 2.0 6.0-6.5 0.1 

                a
 Surface area reported by the manufacturer and from references  (Matta et al., 2007; Han et al., 2011)  

               b 
Isoelectric point and band gap energy, from references (Xu and Schoonen, 2000; Cornell and 

Schewetmann, 2003)  

 

Table 4-2: Physicochemical characteristics of the waters used in the experiments. 

Parameter 
Ultrapure 

water 

Lake Geneva 

water 

Conductivity at 20 °C (µS/cm) <0.055 252 

Transmittance at 254 nm (%) 100 96 

pH 6.5 8.4 

Total organic carbon (TOC) (mg C/L) <0.005 0.8-1 

Iron (mg/L) - 0.019 

Phosphates (mg PO4
-3

/L) - 0.012 

Hydrogen carbonate (mg HCO3
–
/L) - 108 

Chloride (mg Cl
–
/L) - 8.0 

Sulfate (mg SO4
-2

/L) - 48 

Nitrate (mg NO3
-
/L) - 2.7 

 

 

4.2.2 Bacterial strains and growth media 

 

The bacterial strain used was E. coli K12 (MG1655), a non-pathogenic wild-type strain, 

which can be handled with little genetic manipulation. Bacteria was inoculated from a stock 

in a rich medium, Luria-Bertani (LB) broth, and incubated in a shaker incubator at 37 °C 

and 180 rpm. After 8 h, cells were diluted (1% v/v) in the pre-heated LB broth and 

incubated at 37 °C for 15 h in the incubator until a stationary physiological phase was 
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reached. Cells were separated during the stationary growth phase by centrifugation (15 

min at 5000 rpm, at 4 °C). The bacterial pellet was re-suspended and washed for 10 min in 

the centrifuge (twice). This procedure resulted in a bacterial pellet of approximately 10
9
 

colony forming units per millilitre (CFU/mL).   

 

4.2.3 Photocatalytic semiconductor and (photo)-Fenton-mediated inactivation 

experiments 

 

All bacterial inactivation experiments were performed in Pyrex reactors (4 cm x 9 cm, 100 

mL). The Pyrex reactors containing the bacterial suspension in water (approximately 10
6 

CFU/mL) were placed in the dark at 25 °C and kept under magnetic stirring for at least 30 min 

to let the bacteria adapt to the new matrix and to allow the die-off and equilibration of the 

most stress-sensitive species. In the experiments with cationic iron, FeSO4 (0.6 mg/L relative 

to the Fe
2+

 content) were added to a solution of E. coli. Then, the pH was adjusted to 6.5 or 

7.5 depending of the experiment and the samples were exposed to H2O2 (10 mg/L) and/or 

simulated solar light over 2 h hours, under continuous stirring. Aliquots were taken during set 

intervals within the inactivation time. These concentrations were determined experimentally 

as being optimal (results not shown) and corresponded to the limit, where bacterial 

inactivation could not be further enhanced, when more of Fe
2+

 was added (Spuhler et al., 

2010).   

In the experiments with iron (hydr)oxide particles at a concentrations of 0.6 mg/L relative to 

the Fe content were added to a solution of E. coli. Then, the pH was adjusted to 6.5 and E. 

coli inactivation was studied for each particle type to test four different inactivation 

mechanisms: in the dark in ultrapure water only (control), in the dark with H2O2 (dark 

Fenton), under sunlight (photocatalysis) and under sunlight, in the presence of H2O2 (photo-

Fenton). H2O2 was added to the reactor as the last component at a concentration of 10 mg/L. 

Photo-Fenton and photocatalysis experiments were carried out using a solar simulator CPS 

Suntest System (Heraeus Noblelight, Hanau, Germany). The Suntest bears a lamp that emits 

∼0.5% of the photons at wavelengths < 300 nm (UVC cut-off at 290 nm), ∼7% between 300 

and 400 nm and the rest follow the solar spectrum above that value until IR range (IR was 

cut-off by filtering). The radiance intensity was measured by a spectroradiometer, Model ILT-
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900-R (International Light Technologies) and corresponded to 820 W/m
2
 of light global 

intensity (20.2 W/m
2
 on the UV). 

During the experiments, the temperature in the reactors did not exceed 38 °C. After each 

experiment, the reactors were rinsed with nitric acid (10%), followed by washing with 

distilled water and, finally, autoclaved. All the experiments were conducted triplicate, with 

good reproducibility (<10% difference between replicates).  

Bacterial reactivation and/or growth were determined for some experiments by leaving the 

last samples in the dark at room temperature (20-25 °C) for 24 h before the measurement 

of the CFU.   

 

4.2.4 Analytical methods 

 

Dissolved Fe
2+

 was measured using the Ferrozine method as described previously (Spuhler et 

al., 2010) and total dissolved iron was measured using an Inductively Coupled Plasma Mass 

Spectrometer (ICP-MS), Model ICPE-9000 (Shimadzu, Japan). Samples were filtered (0.25 

µm) and kept in acid solution prior to the determination. The detection limit ranges of 

spectrometry used for this experiment were (0.2–0.9 µg/L). The concentration of H2O2 was 

monitored using a titanium (IV) oxysulfate solution via a spectrophotometric method at 410 

nm (modified method DIN 38 402 H15). The titanium (IV) oxysulfate method has a 0.1 mg/L 

detection limit. The bonding structure in particle samples was analyzed by Fourier transform 

infrared spectroscopy (FT-IR) (Nicolet 6700), using the KBr self-supported pellet technique 

in the frequency range of 400–4000 cm
−1

. The pH was measured with a pH-metre Metrohm 

827 pH-lab using a glass electrode.  

 

4.2.4.1 Electron spin resonance spectroscopy (ESR)   

ESR in combination with spin-trapping were used to monitor the formation of ROS, namely 

HO
•
 and O2

•-
 radicals, generated by photocatalytic semiconductor and heterogeneous photo-

Fenton processes in the presence of iron (hydr)oxide particles. A stock solution of DMPO (0.5 

M) was prepared in ultrapure water and was stored at -20 
°
C. Just before performing the 

photo-generation of ROS, DMPO (final concentration of 100 mM) was added to aqueous 

suspensions containing reagents. Subsequently, 2 mL aliquots of the prepared samples were 

transferred into small Pyrex beakers (5 mL volume, 20 mm outer diameter and 30 mm height) 
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and exposed to simulated solar light under constant agitation. Subsequently, the sample of the 

Fenton’s reagents was drawn into thin glass capillaries (0.7 mm ID/0.87 mm OD, from 

VitroCom, NJ, USA), which were then sealed on both ends using the Cha-Seal™ tube-sealing 

compound (Medex International, Inc. USA). ESR measurements were carried out at room 

temperature using a Bruker X-band spectrometer, Model EleXsys 500 (Bruker BioSpin, 

Karlsruhe, Germany) equipped with a high-Q cylindrical TE011 microwave cavity, Model 

ER4123SHQE. The typical instrumental settings were: frequency of 9.4 GHz; microwave 

power of 0.63 mW; scan width of 120 G; magnetic field resolution of 2048 points; 

modulation frequency of 100 kHz; modulation amplitude of 1.0 G; receiver gain of 60 dB; 

conversion time of 40.96 ms; time constant of 20.48 ms and sweep time of 84 s. 

The spin-adducts concentrations were estimated using the double integration of the first-

derivative ESR spectra. The actual concentrations of spin-adducts were derived by 

comparison with a calibrated ESR signal, which was acquired for a stable nitroxide radical, 

TEMPOL (10 µmol/L). The data analysis was carried out using Origin Pro 9.0 software.  

 

4.3 Results and discussion 

 

4.3.1 Photo-inactivation of bacteria by addition of FeSO4 at pH 6.5 and 7.5 in the 

absence or presence of H2O2. Evolution of soluble forms of iron during the 

treatment. 

 

The Figure 4-1 shows the complete E. coli inactivation before 90 min during the FeSO4-based 

photo-Fenton treatment at initial pH 6.5 and 7.5 (Figure 4-1, traces (▲) and (♦)). In particular, 

the photo-Fenton treatment at pH 6.5 showed faster bacterial inactivation rate (under 60 min), 

as compared with the same system at pH 7.5. This is due to the presence of dissolved ferrous 

iron ions in the system at pH 6.5 (Table 4-3). They contribute to the homogeneous photo-

catalytic cycle, thus accelerating the decomposition of H2O2, which, in turn, results in 

enhancement of HO
•
 production. This observation was corroborated by the hydrogen peroxide 

consumption that was greater for the photo-Fenton treatment at pH 6.5 than at pH 7.5 (Table 

4-3). 
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The inactivation of E. coli by homogeneous photo-Fenton process may be explained by 

several mechanisms. One possibility is an internal process, where endogenous photo-

sensitizers and internal iron sources synergistically coupled with external UV and Fenton 

reactants lead to oxidative stress through the intracellular Fenton’s reaction. As a result, 

highly toxic HO
•
 radicals are generated, which can directly attack DNA and other internal cell 

components, thus leading to bacterial growth inhibition. The other scenario might be due to 

the contribution of external pathways, where exogenous ROS, such as 
1
O2, H2O2 and HO

•
, are 

formed outside of the cell and can direct attack to the external cell membrane, thus initiating 

chain reactions of lipid peroxidation. This results in an increase of cell membrane 

permeability, impairs cellular functioning and severely affects cell viability (Cabiscol et al., 

2000). In our opinion, the internal (photo)Fenton mechanism represents a key contribution to 

the overall inactivation process. This is based  on our previous findings pointing to only very 

weak lipid peroxidation and slight cell permeability changes under  photo-Fenton treatment at 

near-neutral pH (Ruales-Lonfat et al., 2014).  

In contrast to the same treatment at pH 6.5, dissolved iron was not detected in the filtrate 

samples during the reaction at pH 7.5 (Table 4-3). In the latter case, E. coli inactivation was 

achieved before 90 min of treatment (Figure 4-1, trace (♦)), and was principally mediated by 

heterogeneous photo-Fenton reactions. Goethite (α-FeO(OH)) and/or lepidocrocite (γ-

FeO(OH)) which have been reported to be formed by oxidation of Fe
2+

 in solution at neutral 

pH (Cornell, 2000), are probably involved in this process. 

In control experiments conducted in the absence of H2O2, for the Fe
2+

/light system at pH 6.5, 

~3.5 log10 reduction of the number of live bacteria was reached before 120 min of treatment 

(Figure 4-1, trace (Δ)). As can be seen in Table 4-3, dissolved iron was present throughout 

treatment. The bactericidal effect of the photo-assisted Fe
2+

 is the result of the combined 

action of the Fe
2+

 and light into the bacterial cell. Indeed, added Fe
2+

 can easily diffuse into 

the cell (Cartron et al., 2006; Ruales-Lonfat et al., 2014) and catalase, which regulates H2O2 

concentration into the bacteria, is degraded by UV-A radiation, leading to intracellular Fenton 

reactions enhancement. On the contrary, in the experiments conducted at pH 7.5,  Fe
2+

 was 

effectively oxidized and transformed in solid iron forms by O2, in the absence of H2O2 (Table 

4-3). This system was not efficient neither as heterogeneous photocatalyst nor as 

semiconductor, as it lead only to ~2 log10 reduction of the bacterial concentration before 120 

min of treatment, values similar to the bacterial inactivation reached under a light-alone 
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system (Figure 4-1, traces (◊) and ( )). The solid iron formed at pH 7.5 does not enhance 

significantly the photo-inactivation of bacteria, probably because this pH is close to the 

isoelectric point of goethite (IEP = 7.5-8.5) and lepidocrocite (IEP = 7.3-7.5) which are iron 

oxides formed by oxidation of Fe
2+

 at this pH (Cornell and Schewetmann, 2003). Thus, the 

contact/attraction of > FeOH groups with average negative membrane of E. coli is not 

favourable because hydroxyl groups at the iron oxide surface are uncharged.  

 

 

Figure 4-1: E. coli inactivation by: (▲) photo-Fenton at pH 6.5; (⧫) photo-Fenton at pH 7.5; 

(Δ) Fe
2+

, under light at pH 6.5; (◊) Fe
2+

, under light at pH 7.5; ( ) light alone. FeSO4: 0.6 

mg/L relative to the Fe
2+ 

content, H2O2: 10 mg/L. Experiments were conducted under 

simulated solar light and performed in triplicate (the standard error was found to be 

approximately 5%). 

 

The effect of the presence of bacteria in the solubilisation of iron during photo-Fenton process 

was evaluated at pH 6.5 and 7.5. Table 4-4 shows that soluble iron species were not detected 

during the FeSO4-based photo-Fenton system at pH 6.5 and 7.5 in the absence of bacteria. It 

was the result of the formation of the aquo hydroxo zero-charge complexes, which are the 

precursors of the solid-phase iron (Jolivet et al., 2004), formed in the absence of complexing 

ligands. On the contrary, in the presence of bacteria, complexing substances are liberated 

from the beginning or generated as by-products during bacterial inactivation. This explains 



Chapter 4 

 

61 

 

why soluble iron was detected at pH 6.5 when bacteria are present. It could be mediated by 

secreted siderophores (e.g., ferritins and aerobactin from E. coli) (Andrews et al., 2003) that 

can chelate iron, allowing its solubilisation. The photo-reduction of Fe
3+

-siderophore 

complexes under UV-A and visible radiation, produces HO
•
 and regenerates Fe

2+ 
via LMCT 

(Köster, 2001; Upritchard et al., 2007). In contrast to pH 6.5, at pH 7.5 no dissolved iron was 

observed in the presence of bacteria during entire treatment period even if detection limit 

ranges of ICP-MS spectrometry used for this experiment were 0.2–0.9 µg/L. This could be 

due to non-soluble crystalline forms of iron species formed at high pH (7.5), which are more 

stables to be photo-reduced by siderophores (Sulzberger and Laubscher, 1995). These results 

are in good agreement with those reported by Waite and Morel (Waite and Morel, 1984), who 

detected photo-reduced iron from amorphous Fe-hydroxides at pH 6.5, but not at pH 8.0. 

They proposed that a hydroxylated ferric surface species is the primary chromophore (light 

absorbing compound), analogous to the photoreduction of Fe(OH)
2+

, and that at pH 8 the Fe
3+

 

surface complex was more strongly hydrolyzed and less prone to photoreduction. 

 

Table 4-3: Values of pH, total dissolved iron (Fetot mg/L) and H2O2 during bacterial 

inactivation for different systems. Iron sulfate or iron (hydr)oxide: 0.6 mg/L relative to the Fe 

content, H2O2: 10 mg/L, irradiated with simulated solar light. 

Iron(hydr)-oxide 

particles 

pH  Fe (mg/L)  H2O2 (mg/L) 

0 

min 

120  

min  

0  

min 

60 

min 

120 

min  

0 

min 

60 

min 

120 

min 

Figure 4-1           

   Iron sulfate+H2O2+light 6.5 6.0  0.3 0.2 N.D  10.0 5.2 5.0 

   Iron sulfate+light  6.5 6.2  0.4 0.3 0.1  - - - 

   Iron sulfate+H2O2+light 7.5 6.8  N.D N.D N.D  10.0 8.0 7.4 

   Iron sulfate+light 7.5 7.1  N.D N.D N.D  - - - 

Figure 4-4 (a-d)           

   Wustite+H2O2+ light 6.5 6.3  N.D N.D N.D  10.0 9.4 8.6 

   Wustite+light 6.5 6.2  N.D N.D N.D  - - - 

   Hematite+H2O2+ light 6.5 6.3  N.D N.D N.D  10.0 9.6 8.9 

   Hematite+Light 6.5 5.9  N.D N.D N.D  - - - 

   Magnetite+H2O2+ light 6.5 6.4  N.D N.D N.D  10.0 9.3 9.3 

   Magnetite+light 6.5 6.3  N.D N.D N.D  - - - 

   Goethite+ H2O2+light 6.5 6.2  N.D N.D N.D  10.0 9.6 8.8 

   Goethite +light 6.5 6.3  N.D N.D N.D  - - - 

Experiments were conducted in triplicate and standard error was found to be approximately 5%.  

N.D.: not detectable 
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Table 4-4: Values of total dissolved iron (Fetot mg/L) from FeSO4-based photo-Fenton 

processes in the presence and absence of bacteria. FeSO4: 0.6 mg/L relative to the Fe
2+ 

content, H2O2: 10 mg/L, irradiated with simulated solar light. 

 

 

Experiments were conducted in triplicate and standard error was found to be approximately 

5%.  N.D.: not detectable 

 

4.3.1.1 Identification of generated solid species in the FeSO 4-based photo-

Fenton process in the absence of bacteria at pH 6.5 and 7.5  

 

Figure 4-2 shows the decrease in dissolved Fe
2+ 

concentration in a stirred water solution, 

initiated with 0.6 mg/L
 
of FeSO4, relative to the Fe

2+ 
content at pH 6.5 and 7.5. It was 

conducted in the absence of bacteria and in the absence or presence of H2O2 (10 mg/L). In 

the absence of  H2O2, a remarkable difference in Fe
2+

 oxidation rates and subsequent 

precipitation of generated iron oxides were observed at pH 6.5 and 7.5 (Figure 4-2, traces 

(
__

Δ
__

) and (
__

◊
__

)). The loss of ferrous ions in the solution in the absence of H2O2 is due to the 

oxidation by dissolved oxygen. Morgan and Lahav, (2007) reported that at neutral pH and 

[Fe
2+

] < 1 mg/L, soluble iron species like [Fe]
2+

, [Fe(OH)]
+
 and [Fe(OH)2] are initially formed 

in the aqueous system, according to Eqs. (4.8)-(4.10) before undergoing subsequent oxidation 

by O2 (Eqs. (4.11)-(4.13)). However, “hydrolysed” ferrous iron species are more readily 

oxidized than non-hydrolysed ones in the following order: [Fe(OH)2] >> [Fe(OH)]
+
 >> [Fe]

2+
. 

The oxidation of soluble ferrous species [Fe(OH)2] by O2 (Eq. (4.13)), producing partially 

oxidized ferro-compounds like meta-stable ferrous–ferric species as [Fe4(OH)8(H2O)8] (Eq. 

(4.14)). These compounds are subsequently transformed into end-products such as hematite, 

magnetite, goethite, and lepidocrocite, which are insoluble ferric species (Eq. (4.15)) (Jolivet 

et al., 2004). 

Initial pH Time 
Dissolved iron (mg/L) 

in the absence of E. coli 

Dissolved iron (mg/L) in 

the presence of E. coli 

6.5 

0 N.D 0.4 

15 N.D 0.4 

30 N.D 0.4 

60 N.D 0.2 

120 N.D N.D 

    

7.5 

0 N.D N.D 

15 N.D N.D 

30 N.D N.D 

60 N.D N.D 

120 N.D N.D 
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Fe
2+    

+    6H2O    →    [Fe(H2O)6]
2+

 (aq)                                                                     (4.8) 

[Fe(H2O)6]
2+

(aq)   +  OH
-
   → [Fe(OH)(H2O)5]

+
 (aq)                                                    (4.9) 

[Fe(OH)(H2O)5]
+

(aq)  + OH
-
  → [Fe(OH)2(H2O)4](aq)       (4.10) 

[Fe(H2O)6]
2+

 
    

+    O2     →   [Fe(H2O)6]
3+  

+  O2
•−       

(4.11) 

[Fe(OH)(H2O)5]
+
   +    O2     →   [Fe(OH)(H2O)5]

2+
 +   O2

•−       
(4.12) 

[Fe(OH)2(H2O)4]   +    O2     →   [Fe(OH)2(H2O)4]
+

   +   O2
•−       

(4.13) 

4[Fe(OH)2(H2O)4]   → [Fe4(OH)8(H2O)8](S)   +  8  H2O     (4.14) 

[Fe4(OH)8(H2O)8](S)    +     O2     →    4FeOOH(S)  + 10H2O       (4.15) 

 

The fact that dissolved Fe
2+

 was not found shortly after the addition of H2O2, confirms the loss 

of ferrous ions in the solution at both pH levels (Figure 4-2, traces (--▲--) and (--⧫--). Thus, 

the addition of H2O2 increases oxidation rates, indicating that both O2 and H2O2 contribute to 

the fast oxidation of ferrous iron species at near-neutral pH and, in concert, lead to 

spontaneous oxidation and subsequent formation of insoluble ferric species. Therefore, in the 

absence of complexing ligands (secreted by bacteria from the beginning or generated as by-

products during bacterial inactivation), soluble iron species are negligible in a photo-Fenton 

process at neutral pH.  

To identify the solid iron species formed during the photo-Fenton treatment at pH 6.5 and 7.5 

in the absence of bacteria, the precipitated iron were recovered for FT-IR analysis. Although 

the sample colour was yellow for insoluble iron species obtained at pH 6.5 and brown for 

these obtained at pH 7.5, the IR spectrum was similar for both compounds. This could be due 

to the variation of parameters affecting the surface area and morphologies of the precipitate as 

follows: the final pH of the solution, which specially influences the Fe:OH ratio, the 

precipitation rate (slow/fast), temperature (usually 40-90 °C) and the time of hydrolysis and 

oxidation process (minutes to weeks) (Jolivet et al., 2004). In our case, the last three 

parameters were well controlled and, consequently, only the Fe:OH ratio, related to the final 

pH of the solution, affected the colour of the samples.  

 



Chapter 4 

 

64 

 

 

Figure 4-2: The time evolution of the ferrous iron ions concentration remaining in solution at 

pH 6.5 (◊) and 7.5 (Δ), in the presence (---) or absence (–) of 10 mg/L H2O2. FeSO4 

concentration: 0.6 mg/L relative to the Fe
2+ 

content. Experiment performed in the absence of 

bacteria. Experiments were conducted under simulated solar light and performed in triplicate 

(the standard error was found to be approximately 5%). 

 

Figure 4-3 shows the infrared spectra of insoluble ferric species obtained at pH 7.5. The three 

absorption band observed at approximately 740, 553 and 462 cm
−1

 correspond to those of α-

FeOOH, which can be attributed to the stretching vibration of Fe–O and Fe–O–H (Durães et 

al., 2005). The band at 553 cm
−1

 is assigned to the hexagonal environmental characteristic of 

hematite or goethite (Santilli et al., 1990). The band at 491 cm
-1

 confirms the octahedral 

positions of the H2O and OH groups in the ferric complexes (Durães et al., 2005; Kwon et al., 

2006). The absorption band above 3000 cm
−1

 is originated by the H-bonded OH groups, since 

the isolated OH groups absorb above 3600 cm
−1

. This broad peak is due to the combined 

contributions of iron (hydr)oxide, and the adsorbed water in the samples. Iron hydroxide, if 

present, may also contribute to this broad peak. Absorption bands at 3396 and 1633 cm
-1 

are 

characteristic bending vibration of O–H of crystal water, indicated the presence of water in the 

coordination sphere of the metal. Furthermore, the absorption band at 1020 cm
-1

 is produced 

by HO–Fe interaction
 
in the (0 1 0) plane bending of lepidocrocite (γ-FeOOH) (Cambier, 

1986). Considering all these features, the observation of the infrared spectra in Figure 4-3 
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leads to the conclusion that the insoluble iron species formed under photo-Fenton process at 

pH 6.5 and 7.5 are mainly iron (hydr)oxide alone or mixed as goethite (α-FeOOH) and 

lepidocrocite (γ-FeOOH).    

 

 

Figure 4-3: FT-IR spectra of ferric precipitates formed during the photo-Fenton reactions at 

pH 7.5.  

 

4.3.2 Contribution of photocatalytic semiconductor vs heterogeneous photo-Fenton 

processes to bacterial inactivation at near-neutral pH 

 

In our previous work (Ruales-Lonfat et al., 2014), we have demonstrated that goethite was 

beneficial for bacterial inactivation at near-neutral pH, both as a photocatalytic semiconductor 

and as heterogeneous photo-Fenton catalyst. To determine whether iron (hydr)oxide enhanced 

inactivation, and to determine whether such an enhancement is due to photocatalytic 

semiconducting mechanism or heterogeneous photo-Fenton reactions, bacterial inactivation 

studies were conducted in the presence of different commercial iron (hydr)oxides, as well as 

H2O2 and/or simulated solar light. The iron (hydr)oxide compounds selected were: goethite 

and hematite because these are the most reactive and abundant solid iron oxides present in 

nature (sources of iron Fe
3+

) (Cornell and Schewetmann, 2003), magnetite (source of iron 

Fe
2+

/Fe
3+

), and wüstite (source of iron Fe
2+

) which exists also in nature (Wang et al., 2012). 



Chapter 4 

 

66 

 

Figure 4-4 (a)-(d) shows that in the dark, the studied iron (hydr)oxides did not yield 

inactivation in the absence or presence of H2O2, indicating that heterogeneous Fenton 

processes (iron (hydr)oxides and H2O2) did not contributed to bacterial inactivation under our 

experimental conditions. Some studies reported that magnetite is a promising Fenton catalyst 

for oxidative processes for dye removal, and phenol and aromatic hydrocarbon degradation 

(Lee et al., 2006; Matta et al., 2007). They explained that magnetite has a combination of +2 

iron and +3 iron atomic states that aids to increase decomposition of hydrogen peroxide and 

the production of HO
•
 that enhance decomposition of organic contaminants. This was not 

observed in our experiments on bacterial inactivation (Figure 4-4 (d)) possibly due to:  

(i) The uncharged magnetite surfaces in our experimental pH of 6.5 (IEP: 6.0–6.5 (Table 4-

1)) offer unfavourable sites for the adsorption of negatively charged bacteria. It was 

reported that adsorption onto magnetite particles was a prerequisite for achieving 

significant virus inactivation (Nieto-Juarez and Kohn, 2013),  

(ii) The formation of the particle agglomeration that was favoured in our experimental 

conditions (pH 6.5, Table 4-3) since agglomeration is enhanced when pH values of the 

suspension is near to isoelectric point of the material (Sun et al., 1998; Vikesland et al., 

2007). Agglomeration of magnetite particles affects the available reactive surface area 

(site blockage) as the active sites can become less accessible for bacteria and for H2O2 

(kinetic effect) (Buzmakov and Pshenichnikov, 1996). This can explain the lower 

consumption of H2O2 during magnetite-based photo-Fenton systems compared to the 

other iron (hydr)oxides that contain only Fe
3+

 in the structure, as goethite and hematite 

(data not shown),  
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(a) 

 

(b)  

 

(c) 

 

              (d) 

Figure 4-4: E. coli inactivation by iron (hydr)oxide particles in the presence or absence of 

sunlight and H2O2 for (a) goethite, (b) hematite, (c) wüstite and (d) magnetite. Experimental 

conditions: pH 6.5; iron (hydr)oxides concentrations: 0.6 mg/L relative to the Fe content; 

H2O2: 10 mg/L. Experiments were conducted under simulated solar light and performed in 

triplicate (the standard error was found to be approximately 5%). 

 

(iii) The oxidation of structural Fe
2+

 to Fe
3+ 

by O2 and H2O2. This oxidation produces an 

outer Fe
3+ 

oxide layer which reduces electron transfer activity on the surface and 

inhibits the catalytic efficiency towards Fenton catalysis (Costa et al., 2006; Pinto et al., 
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2012). Kong et al., (1998) compared to surface of unused magnetite, that of used 

magnetite treated with H2O2. Used magnetite exhibited self-precipitate as revealed by 

scanning electron microscopy (SEM) analysis. This precipitate seemed to cause lower 

treatment efficiency in magnetite system.  

Wüstite (FeO) also contains Fe
2+

 in the structure but its efficiency in Fenton processes for 

bacterial inactivation was also very low probably because of the same reason (the oxidation of 

structural Fe
2+

 to Fe
3+ 

by O2 and H2O2) that that proposed for magnetite. The use of wüstite as 

heterogeneous Fenton catalysts is not documented in the literature. 

The combination of iron (hydr)oxides and light show semiconductor properties with a band 

gap of 2.2 eV for hematite, 2.1 eV for goethite, and 2.4 for wüstite (Table 4-1). Photo-

inactivation curves with goethite and hematite showed a shoulder (Figure 4-4 (a) and (b)). 

This initial period of latency indicates that a contact between bacteria and oxide was 

necessary and that self-defence mechanisms of bacteria have to be overpassed to effectively 

photo-inactivate bacteria with these oxides. After that, the bacterial inactivation rate increased 

considerably. Thus, goethite, hematite and wüstite were photoactive under simulated solar 

light irradiation to efficiently inactivate bacteria, using only oxygen (from air) as electron 

acceptors. Similarly, in our previous work, we have demonstrated the photocatalytic 

semiconducting activity of goethite towards bacterial inactivation (Ruales-Lonfat et al., 

2014). In contrast, magnetite was not capable of inactivating bacteria under light (Figure 4-4 

(d), trace (Δ) and its negative screen effect was observed with regard to the control 

experiment under light alone (Figure 4-4 (d), trace ( )). This is the result of the narrower band 

gap of the magnetite (0.1 eV) compared to those of goethite, hematite and wüstite (2.2–2.4 

eV) (Figure 4-1) and the existence of both Fe
2+ 

and Fe
3+

 in its lattice, leading to a continuous 

electron hopping between the two, which increases the electron–hole recombination and the 

lowering of its photoactivity (Beydoun et al., 2000; Beydoun et al., 2002; Cornell and 

Schewetmann, 2003; Chou et al., 2013). Furthermore, the extent of recombination depends to 

some extent on the pH of the solution and its effect on the proportion of > FeOH groups at the 

surface (Zhangl et al., 1993). Thus, as was mentioned before, the contact/attraction of > 

FeOH groups with E. coli is not favourable because hydroxyl groups at the surface are 

uncharged, leading to an increase in the electron-hole recombination rate (Zhangl et al., 1993) 

and a decrease in the efficiency of the reactions of the valance-band hole with bacteria. In 

addition, the photo-generated holes in the valence–band of magnetite have weak oxidation 

http://pubs.rsc.org/en/content/articlehtml/2013/pp/c3pp25314g#fig4
http://pubs.rsc.org/en/content/articlehtml/2013/pp/c3pp25314g#fig4
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potential which is not enough to generated HO
•
. Goethite and hematite present an IEP 

between 7.5 and 8.5 (Figure 4-1) (Cornell and Schewetmann, 2003), indicating that hydroxyl 

groups at the surface are partially protonated (> Fe-OH2
+
). The surface interaction of > Fe-

OH2
+ 

with E. coli is favoured by electrostatic attraction forces because the E. coli surface is 

negative charged between pH 3 and pH 9 due to the phospholipids and lipopolysaccharides on 

its cell surface (Maness et al., 1999). 

The iron hydr(oxides) particles studied under the simultaneous presence of light and H2O2 

caused considerable bacterial inactivation enhancement when compared with the other 

systems and with control experiments (Figure 4-4 (a)–(d)). E. coli inactivation was reached 

before 90 min of treatment for goethite, hematite and wüstite (Figure 4-4 (a)-(c)) and at 120 

min for magnetite (Figure 4-4 (d)). The total dissolved iron was determined by ICP-MS 

spectrometry during the reaction process. Photo-dissolution of iron hydr(oxides) was not 

significant in the reactions since the concentration of total iron was below detection limit. 

Thus, E. coli inactivation with iron hydr(oxides) was in this case mediated principally by a 

heterogeneous (photo)-Fenton process. Such systems combine photocatalytic semiconductor 

character and photo-assisted heterogeneous Fenton oxidation in a single material.  

The relative little difference of required time to inactivate bacteria by photo-assisted hematite 

and goethite in the presence (90 min) or absence (120 min) of H2O2 suggest that from the 

application point of view, small concentrations (0.6 mg/L relative to the Fe content) of these 

iron (hydr)oxides can be applied as semiconductor to efficiently disinfect water. These results 

are interesting because the omission of H2O2, significantly reduces the cost of the treatment. 

Therefore, the iron (hydr)oxide particles, including those already present in environmental 

waters, have great potential for low-cost “photocatalyst” in solar water disinfection, as it has 

already been demonstrated in our previous work in Africa (Ndounla et al., 2013). 

No bacterial reactivation and/or growth were observed after 24 h and 48 h of dark storage for 

the iron (hydr)oxide-based photo-Fenton treatment. The same antimicrobial activity was 

obtained for the photocatalytic semiconducting action of hematite and goethite. Additionally, 

a delayed disinfection effect was observed to continue in the dark period for the photo-

assisted wüstite-based treatment. 

 

http://en.wikipedia.org/wiki/Phospholipids
http://en.wikipedia.org/wiki/Lipopolysaccharide
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4.3.3 ROS generated by photocatalytic semiconductor and heterogeneous photo-

Fenton processes in the presence of iron (hydr)oxide  

 

In general, the ability of iron oxide particles to produce ROS under light defines their 

potential to inactivate microorganisms or degrade biomolecules by oxidation. Therefore, 

by employing the ESR spin-trapping technique, we quantified ROS, i.e. HO
•
, O2

•−
 and 

1
O2, 

produced photo-assisted iron (hydr)oxide in the absence or presence of H2O2. DMPO was 

used as a spin trap to identify both HO
•
 and O2

•- 
radicals, thus leading to the formation of spin-

adducts, DMPO–OH or DMPO–OOH, respectively. Both resulting paramagnetic products 

reveal distinct and easily recognizable ESR spectra. However, the DMPO–OOH spin adduct 

is well known to be highly unstable and rapidly decomposes into the DMPO–OH spin adduct 

(Buettner and Mason, 1990). Therefore, as a result, a characteristic ESR spectrum of the 

DMPO–OH spin adduct consisting of four well resolved peaks (1:2:2:1 quartet, aN = aH = 

14.9 G) was observed (insert in Figure 4-5).  

Figure 4-5 (a) and (b)) shows that ESR signals of DMPO–OH were not detected before 

illumination in the experiments. These results suggest that exposure to the simulated solar 

light was essential for generation of ROS for the iron (hydr)oxide in the absence or presence 

of H2O2. The growth of the ESR signal intensity of DMPO–OH confirmed the generation of 

HO
•
 and O2

•- 
radicals, contributing in the photocatalytic semiconducting process of iron 

(hydr)oxide (Figure 4-5 (a)). A higher ESR signal intensity for photo-assisted hematite system 

was observed compared with goethite, even if the bacterial inactivation rate was similar (120 

min) (Figure 4-4 (a) and (b), traces (○), (□)). It could be result of the different physico-

chemical properties of the iron (hydr)oxides used as IEP, particle size, specific surface area of 

particle, etc. that influences in the ROS generation (Stefaniak et al., 2010; Xu et al., 2013). 

This result is in agreement with previous findings by Xu et al., (2013), who reported that 

among the oxides, hematite is the most active in HO
•
 generation under neutral pH. Photo-

assisted magnetite generated the lowest HO
•
 radicals production (Figure 4-5 (a)), that is in 

correlation with the negligible bacterial inactivation rate observed in Figure 4-4 (d), trace (Δ). 

Possibly due to the aggregation of magnetite particles, and the weak oxidative potential of the 

photo-generated holes in the valence-band as were explained before.  

The mechanism of ROS generation by iron (hydr)oxides illuminated under simulated solar 

light involves semiconductor photocatalysis (Mazellier and Bolte, 2000; Cornell and 
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Schewetmann, 2003; Xu et al., 2013). Thus, the photo-induced reactive species (electron–hole 

pairs) are formed on iron oxides under illumination (Eq. (4.1)). Conduction band electrons 

could react with O2 to form superoxide radicals (O2
•−

) (Mazellier and Bolte, 2000) (Eq. (4.2)), 

followed by reaction between hole and superoxide radical to form singlet oxygen as given by 

Eq. (4.3). Also electrons could participate in the regeneration of Fe
2+

 species (Eq. (4.4)). It 

was reported that the valence band (VB) of the iron (hydr)oxides is above the OH
−
/HO

•
 

potential (Xu et al., 2013). Therefore, the oxidation of OH
−
 by holes in the iron (hydr)oxides 

VB is thermodynamically unfavoruable, leaving O2 reduction as the most viable pathway for 

ROS production. On the contrary, holes in the excited surface of iron (hydr)oxides can 

directly react with bacteria (Eq. (4.5)). It is thermodynamically favourable because hole 

possess a positive oxidation potential of ~+1.7 at pH = 7 (Xu and Schoonen, 2000; Xu et al., 

2013), that is below to the redox potential of microorganism and cell (redox potential of 

bacteria +0.45 to +0.72 V vs. SCE, pH = 7) (Widdel et al., 1993; Brasca et al., 2007; TitanPE 

Technologies, 2011).  

Alternatively, Xu et al., (2013) proposed that the formation of H2O2 and HO
•
 (Eqs. (4.16) and 

(4.17)) in photo-assisted hematite suspensions involved reduction of O2 of electrons (Eq. 

(4.2)), which was inhibited under anaerobic conditions. 

 

e
−

(cb)   +  O2
•−

 + 2H
+

    →     H2O2      (4.16) 

e
−

(cb)   +  H2O2   →  OH
− 

 +  HO
•
                                                      (4.17) 

 

Nevertheless, some controversy exists in the literature about the photocatalytic properties of 

goethite and iron oxides particles. Kiwi and Gratzel, (1987) argued that the semiconductor 

mechanism is not likely to be important except in very small (colloidal) iron oxide particles 

because of the short diffusion length of electrons and holes in iron oxide semiconductors.  

The reactive ROS formed during these processes at the iron (hydr)oxide surface and the direct 

oxidation of bacteria by surface holes contributed to achieving complete bacterial inactivation 

for the goethite, hematite and ~3 log10 reduction of the bacterial concentration for the wüstite 

after 120 min of treatment under simulated solar light (Figure 4-4 (a)-(c)).  
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(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

 

Figure 4-5: The ESR-measured formation of hydroxyl radical in aqueous suspensions of iron 

(hydr)oxide particles under simulated solar light: (a) in the absence of H2O2 and (b) in the 

presence of 10 mg/L of H2O2. Insert: typical time evolution of the ESR traces of the 

paramagnetic spin adducts, DMPO-OH. Iron (hydr)oxide concentrations: 0.6 mg/L relative to 

the Fe content, pH 6.5. 
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The presence of H2O2 in the photo-assisted iron (hydr)oxide suspension promoted a rapid 

generation of HO
•
 (Figure 4-5 (b)), that contributed to a more efficient bacterial inactivation 

observed in Figure 4-4 (a)-(d). The beneficial effect of the added H2O2 under light is due its 

electron acceptor properties. Thus, electrons generated on illuminated iron oxides from Eq. 

(4.1) are trapped by the H2O2 forming HO
•
 (Eq. (4.17)). Also H2O2 initiates chain reactions by 

heterogeneous Fenton reactions (Eqs. (4.18) and (4.19)), leading to the formation of 

hydroperoxyl radical (HO2
•
) by contact with Fe

3+
 sites available on the surface of iron 

particles dispersed in aqueous solution. Concomitantly, Fe
3+

 is reduced to Fe
2+ 

(Eq. (4.18)). 

New Fe
2+

 reaction sites are then formed and allow H2O2 to generate HO
•
 radicals when the 

Fe
3+

 sites are recovered through oxidation of Fe
2+

 in the cyclic mechanism (Eq. (4.19)). The 

Fe
2+

 regeneration (which is the rate determinant step of Fenton reaction) could occur via the 

photo-reduction of Fe
3+ 

species (Eq. (4.6)) as well, through the photo-Fenton reaction (Eq. 

(4.20)). Another positive effect of the presence of H2O2 is the reduction of the electron–hole 

recombination rate and consequently the hole will be more active to react with bacteria. 

Photo-dissolution of iron hydr(oxides) was not significant in the reactions since the 

concentration of total iron was below detection limit of ICP-ES used (0.2 µg/L). Thus, E. coli 

inactivation with iron hydr(oxides) was mediated by a heterogeneous (photo)-Fenton process. 

Such systems combine photocatalytic semiconductor character and photo-assisted 

heterogeneous Fenton oxidation in a single material. (> Fe
2+ 

and > Fe
3+ 

represent the Fe
2+

/Fe
3+ 

species in solid or solution phase 

> Fe
3+

  +  H2O2  →  > Fe
2+

  +  H
+
 +  HO2

•
                                                                 (4.18) 

> Fe
2+

  +  H2O2  →  > Fe
3+

  +  OH
-
 +  HO

•
                                                         (4.19) 

> Fe
3+

  +  H2O2  +  hv  →  > Fe
2+

  +  H
+
  +  HO

•
                                                        (4.20) 

 

He et al., (2002) suggested a different reaction mechanism for the heterogeneous photo-

Fenton reaction under UV-light irradiation in the presence of hematite and goethite, based on 

the experimental observations of degradation of a model azo dye, Mordant Yellow 10 

(MY10):  

 

> Fe
3+

OH  +  H2O2  →  > Fe
3+

OOH    +  H2O                                                     (4.21)      

> Fe
3+

OOH  + hν  →  > Fe
4+

=O  +  HO
•
          (4.22)  

> Fe
4+

=O  +  H2O  →  > Fe
3+

OH  +  HO
•
          (4.23)       
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The reactions are initiated by the formation of a precursor surface complex of H2O2 with the 

oxide surface metal centres. Under UV irradiation, the excited > Fe
3+

OOH bond is broken to 

produce > Fe
4+

=O species and HO
•
 radical. The > Fe

4+
=O is highly unstable and reacts 

immediately with H2O forming another active hydroxyl radical. Therefore, the radicals 

photogenerated from Eqs. (4.17)–(4.23) increase the signal of DMPO-OH in Figure 4-5 (b) 

and contribute to enhance bacterial inactivation (Figure 4-4 (a)-(d)).   

Previous studies have reported that in aqueous suspensions containing goethite under room 

light (wavelength between 400 and 700 nm) at pH 7.5 in the absence and presence of the 

H2O2, not HO
•
 radicals but singlet oxygen and superoxide ions acts as a keys reactive species 

of the ROS (Paciolla et al., 1999; Mazellier and Bolte, 2000; Han et al., 2011). Nevertheless, 

in our experimental conditions (UV containing light), the DMPO-OH signal was generated in 

a significant extend (Figure 4-5 (a) and (b), traces (○) and ()), which were completely 

inhibited in the presence of HO
•
 scavenger, isopropyl. We also performed ESR reactive 

trapping experiments using TMP-OH as singlet oxygen scavenger. The formation of singlet 

oxygen was confirmed by observation of a characteristic 1:1:1 triplet signal of TEMPOL 

(Figure 4-6 (a)). However, no convincing ‘isotope’ effect was observed, when the standard 

ultrapure water was replaced by heavy water (D2O). This isotope effect, if present, could be 

associated with 
1
O2 generation by photo-assisted goethite and hematite suspensions. Although 

a weak ESR signal of TEMPOL was detected, thus indicating that production 
1
O2 for photo-

assisted goethite and hematite in the absence or presence of H2O2 under simulated solar light 

is negligible. This result was confirmed using another precursor, TEMPONE, which monitors 

predominantly the formation of 
1
O2 in the polar phase (Figure 4-6 (b)). Therefore, the 

principal radicals produced in our experimental conditions for the photo-assisted iron 

(hydr)oxide tested in the absence or presence of H2O2 were HO
•
 and O2

•− 
radicals.    
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(a) 

 
 

 

(b) 
 

 

Figure 4-6: (a) ESR spectra of TEMPOL photo-generated in the aqueous suspensions of 

goethite in the presence of singlet oxygen scavenger, TMP-OH, observed after 30 min of 

illumination by simulated solar light in H2O (red trace) and D2O (blue trace). Experimental 

conditions: TMP-OH: 15 mM, goethite: 0.6 mg/L relative to the Fe content. (b) The time 

evolution of ESR spectra of TEMPONE photo-generated in the aqueous suspensions of 

goethite the presence of singlet oxygen scavenger, TEMPONE precursor (50 mM). Left: ESR 

traces recorded in H2O. Right: ESR traces recorded in D2O. Goethite concentration: 15 

mg/mL relative to the Fe content. 
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4.3.4 Bacterial inactivation in natural water by photocatalytic semiconducting and 

photo-Fenton action of hematite  

 

In order to evaluate the effect of dissolved organic and mineral matter present in natural water 

sources on the activity of hematite during bacterial inactivation, water samples originating 

from Lake Geneva were used and compared with ultrapure water. As can be seen in Figure 4-

7 (traces (□) and (□)), for the hematite/light system, a complete E. coli inactivation was 

achieved before 120 min of treatment in both natural and ultrapure water, respectively. Thus, 

the components of natural water (Table 4-2), did not inhibit the photocatalytic semiconducting 

action of hematite against bacterial inactivation in a significant extent. It was reported that 

under UV radiation, dissolved organic matter (DOM) can be involved in positive mechanics 

to contribute to inactivation of bacterial by the action of photo-sensitizer species (Wenk et al., 

2011). Here the excited triple state (
3
DOM*) promoted by UV light absorption by DOM has 

not shown a significant contribution. However, the chemical components of the natural water 

enhance bacterial inactivation by photo-Fenton reaction. As showed in Figure 4-7 (trace (∎)), 

at 60 min of treatment, 3 log10 of bacteria were inactivated in lake water compared with less 

than 1 log10 in ultrapure water (Figure 4-7, trace (∎)) respectively. This is related with the 

presence of NOM which has a positive effect on the complexation and solubilisation of iron, 

that concomitantly participates in homogeneous photo-Fenton reaction generating additional 

HO
•
, thus enhancing bacterial inactivation. According to Spuhler et al., (2010), the presence 

of resorcinol during a photo-Fenton reaction for E. coli inactivation enhanced the disinfection 

rate when compared with that founded without organic matter. They suggested the presence 

of photo-active Fe
3+

 or Fe
2+

-resorcinol complexes which may favor the process. In general, 

the NOM is composed of organic ligands such as fulvic acids and smaller carboxylic and 

dicarboxylic acids able to form Fe
3+

 complexes which, under light, reduce Fe
3+ 

and generate 

complex with Fe
2+

 and ligand radicals as shown in the next equation (Eq. (4.24) (Pignatello et 

al., 2006; Spuhler et al., 2010):    

 

Fe
3+

−(L)n + hv  → Fe
2+

−(L)n−1   + Lox
•
            

 
                                                       (4.24) 

 

Both Fe
2+

 and ligand radicals can react with O2 leading to the formation of ROS, and the 

concomitant reaction of Fe
2+

 with H2O2 leads to the regeneration of Fe
3+

 and the production of 
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HO
•
 (Eq. (4.19)). Thus, Fe

3+
 organo-complexes play an important role for the efficiency of the 

photo-Fenton systems.  

Finally, no bacterial reactivation and/or growth were observed for the photocatalytic 

semiconducting and heterogeneous photo-Fenton action of hematite in natural water.  

 

 

Figure 4-7: E. coli inactivation by photo-assisted hematite in the presence and absence of 

H2O2. E. coli were suspended in ultrapure water and natural water having the characteristics 

described in Table 4-2. Hematite concentration: 0.6 mg/L relative to the Fe content, H2O2: 10 

mg/L. Experiments were conducted under simulated solar light and performed in triplicate 

(the standard error was found approximately 5%). 

 

4.3.5 Influence of iron concentration on bacterial inactivation by hematite-based 

heterogeneous photo-Fenton 

 

Bacterial inactivation by hematite-based photo-Fenton was evaluated employing three iron 

concentrations of hematite (0.6, 2.3, and 3.8 mg/L relative to the Fe content). Figure 4-8 

shows that the complete bacterial inactivation was achieved in all cases before 90 min of 

treatment. Considering the loss of bacteria cultivability at 60 min of treatment, it is evident 

that bacterial inactivation was dependent of the semiconductor concentration and a liner 

relationship between hematite concentration and loss of cultivability was observed in this 
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range of concentrations (Figure 4-8). Bacterial inactivation kinetics increased with the catalyst 

dosage, due to the more active iron sites on the catalyst surface, accelerating the 

decomposition of H2O2 and leading to an increase in the number of HO
•
 radicals that obtain 

bacterial inactivation. The consumption of H2O2 in 120 min of treatment, for 0.6, 2.3, and 3.8 

mg/L of Fe
3+

 were 1.0, 1.4, and 2.1 mg/L respectively. These results indicate that low ranges 

of concentration of hematite (0.6–3.8 mg/L relative to the Fe content) in heterogeneous photo-

Fenton system are adequate to efficiently inactivate E. coli without reactivation and/or growth 

of bacteria under specific experimental conditions. It is interesting to underline that this range 

of concentrations is close to the concentration found in some lakes, rivers, and ground waters 

and is low compared with the concentration of iron oxides used for the transformation of 

organic molecules in aquatic systems (100–500 mg/L of iron oxides) (He et al., 2002; 

Andreozzi et al., 2003; He et al., 2005) 

 

 

Figure 4-8: E. coli inactivation under hematite-based photo-Fenton process with different 

concentrations of Hematite: 0.6 mg/L, 2.6 mg/L, and 3.8 mg/L relative to the Fe content. 

H2O2: 10 mg/L. Experiments were conducted under simulated solar light and performed in 

triplicate (the standard error was found approximately 5%). 
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4.4 Conclusions  

 

Our study demonstrated that heterogeneous photo-Fenton process catalyzed by low 

concentration of iron (hydr)oxide particles under sunlight may serve as a disinfection method 

for waterborne bacteria. In particular, we found that, with the exception of magnetite, all the 

other iron (hydr)oxides tested were photoactive under sunlight in the absence of H2O2, these 

involves semiconductor photocatalysis. 

The relative low difference of time necessary to inactivate bacteria for photo-assisted hematite 

and goethite in the absence or presence of H2O2 suggest that, from the application point of 

view, these iron (hydr)oxides can be applied alone as semiconductors to efficiently disinfect 

water. These results are interesting because the avoidance of H2O2 significantly reduces the 

cost of the treatment. Therefore, the iron (hydr)oxide particles, even those already present in 

environmental waters, represent low-cost photocatalysts for solar water disinfection. 

Furthermore, no bacterial reactivation and/or growth were observed for the photocatalytic 

semiconducting and heterogeneous photo-Fenton action of hematite and goethite, whereas a 

delayed disinfection effect was observed to continue in the dark period for the photo-assisted 

wüstite treatment.  

ESR spin trap technique confirmed that the principal ROS photo-generated for iron 

(hydr)oxide in the absence or presence of H2O2 were HO
•
 and O2

•− 
radicals. The presence of 

H2O2 in iron (hydr)oxide suspensions promoted a more rapid photo-generation of HO
•
, thus 

contributing to a more efficient bacterial inactivation.  

The components of natural water (i.e. NOM and inorganic substances) did not interfere with 

the photocatalytic semiconducting action of hematite to bacterial inactivation. However, these 

components enhanced bacterial inactivation by heterogeneous photo-Fenton action of 

hematite. In particular, NOM enhances the complexation and solubilisation of iron, which, in 

turn, may favour the process. No reactivation and/or growth of bacteria were observed for the 

photocatalytic semiconducting and heterogeneous photo-Fenton action of hematite in natural 

water. 

Conclusively, our results demonstrated, for the first time, that low concentration of iron 

(hydr)oxides (0.6 mg/L relative to the Fe content) acting both as photocatalytic 

semiconductors or catalysts of the heterogeneous photo-Fenton process at near-neutral pH, 
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may provide a useful strategy for efficiently inactivate E. coli without reactivation and/or 

growth. This is important for the economic viability of the treatments because the levels of 

iron encountered in environmental waters are close to this iron concentration. 
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5. Bacterial inactivation with iron citrate 

complex: a new source of dissolved 

iron in solar photo–Fenton process at 

near-neutral and alkaline pH. 

Summited in “Applied Catalysis B: Environmental, Ref. No.: APCATB-D-15-00460R1”. 

 

 

Bacterial inactivation during Fe–citrate–based photo-Fenton process 
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5.1 Introduction  

 

The photo-assisted Fenton system is one of the most popular and widely studied advanced 

oxidation processes (AOPs). Its oxidative action is a result of the formation of reactive 

oxygen species (ROS), especially hydroxyl radicals, HO
•
, following the oxidation of ferrous 

iron by hydrogen peroxide (Eq. (5.1)). Ferrous iron, in the absence of any other complexing 

agents, has the tendency to rapidly get oxidized and form different aqua-Fe
3+ 

species, 

depending on the pH levels of the medium. At low pH (~2.8), it tends to form 

[Fe(H2O)5(OH)]
2+

, which exhibits significant photoactivity in the UV-visible part of the solar 

spectrum and allows for the regeneration of Fe
2+

, when illuminated by solar radiation (Eq. 

(5.2)) (A. Safarzadeh-Amiri et al., 1996; Pignatello et al., 2006). The regenerated Fe
2+

 reacts 

again with H2O2, thus continuing the formation of HO
•
 radicals in the process known as 

photo-Fenton. 

 

Fe
2+  

+  H2O2   →   Fe
3+

  +  HO
•
  +  OH

–
                                                                    (5.1) 

[Fe(H2O)5(OH)]
2+

  +  hν   →   Fe
2+

  +  HO
•
                                                               (5.2) 

  

Despite its dual advantages of being economic and environmental friendly, the photo-Fenton 

reaction has not been widely used in microbial disinfection, due to the theoretical requirement 

of acidic conditions. However, from the seminal paper of Rincón and Pulgarín, (2006) interest 

has grown over the past few years, in the application of near-neutral photo-Fenton treatment 

for water and waswater disinfection (Rincón and Pulgarin, 2007a; Rodriguez-Chueca et al., 

2013; Ruales-Lonfat et al., 2013; Ortega-Gómez et al., 2014a; Ortega-Gómez et al., 2014b; 

Rodríguez-Chueca et al., 2014b; Ruales-Lonfat et al., 2014; Ruales-Lonfat et al., 2015). In 

the absence of iron ligands, at near-neutral pH, a spontaneous chemical oxidation of Fe
2+  

to 

Fe
3+ 

by dissolved oxygen in water occurs, involving formation of ferric (hydr)oxides, like 

Fe2O3·nH2O (Morgan and Lahav, 2007), which do not re-dissolve in water, thus inhibiting the 

recycling in solution of Fe
3+ 

back to Fe
2+

. However, soluble iron in the mg/L range was 

detected at pH 6.5 in the presence of bacteria, due to siderophores secreted by bacteria and 

by-products generated from the degradation of bacterial components (Ruales-Lonfat et al., 

2015). So for the use of iron-chelating agents are exclusively being considered for organic 

pollutants degradation. The resulting iron complexes maintain Fe
3+

/Fe
2+

 solubility at a wide 

pH range and exhibit high absorbance in the UV-Vis region, which allows for using a 
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considerable portion of the solar spectrum, thus reducing the operating costs. Iron complexes 

are photochemically reactive via participation LMCT transitions (Eq. (5.3)) (Zepp et al., 

1992; Silva et al., 2007; Papoutsakis et al., 2015a). Therefore, soluble Fe
2+

 can participate in 

homogeneous Fenton reaction and thus enhance the production of hydroxyl radicals (Eq. 

(5.1)). 

 

[Fe
3+

L]  +  hν   →   [Fe
3+

L]*  
   

→  Fe
2+

  +  L
•
                                                            (5.3) 

(L: complexing agent or polycarboxylic acid) 

 

Several Fe
3+

 chelates have been evaluated for oxidation of hydrogen peroxide at 

circumneutral pH (Sun and Pignatello, 1992). However, the harmful effects of some chelating 

agents, such as ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic acid, have 

recently been acknowledged, and their use in environmental applications and especially in 

drinking water disinfection has been avoided. Many other low molecular weight organic 

compounds (e.g. oxalate, citrate, malonate) were used as model organic ligands in numerous 

studies, showing that photochemical reactions of their complexes with Fe
3+

 were potentially 

important sources of Fe
2+

, O2
•−

/HO2
•
, H2O2 and HO

•
 in illuminated surface waters (Faust and 

Zepp, 1993; Balmer and Sulzberger, 1999; Cho et al., 2004b; Papoutsakis et al., 2015a).  

Ferric citrate complex is a good alternative for iron solubilization in the photo-Fenton 

processes. Although its photolysis shows a lower quantum yield for Fe
2+

 generation than that 

observed for ferrioxalate, citrate is less toxic (Sillanpaa and Pirkanniemi, 2001; Liang et al., 

2004; Silva et al., 2007), has higher cumulative stabilization constants (log β = 14.29) (Feng 

et al., 2012), is readily available and can be used at higher pH values than oxalate (up to pH 

9.0) (Abrahamson et al., 1994). Ferric citrate complexes have been successfully implemented 

for the photo-Fenton treatment at near-neutral pH conditions and with using artificial or solar 

light towards degradation of organic compounds in polluted waters (Zepp et al., 1992; Sun 

and Pignatello, 1993; Katsumata et al., 2006; Silva et al., 2007; Trovó and Nogueira, 2011). 

However, there has been no report on the application of this system as a disinfection 

technology.   

In this work, the influence of the pH (6.5, 7.5 and 8.5) on the photo-degradation of Fe–citrate 

complex and on the generation of ROS during Fe–citrate–based photo-Fenton process was 

assessed. The aim of this research was to study the disinfection ability of the Fe-citrate 

complex in photo-Fenton treatment under simulated solar light illumination, at near-neutral 
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and alkaline pH in water. The effects of the solution pH and Fe-citrate complex concentration 

on E. coli inactivation during the photo-Fenton reaction were investigated. Furthermore, 

bacterial inactivation by photo-Fenton process mediated by Fe-citrate complex, FeSO4 and 

goethite at near-neutral pH were comparatively studied to evaluate homogeneous and 

heterogeneous contributions to the E. coli inactivation mechanism and the disinfecting ability 

of these systems were evaluated quantitatively.   

Finally, the efficiency of the Fe–citrate–based photo-Fenton process was also demonstrated in 

real-world condition, i.e. in natural water samples from Lake Geneva (Switzerland) at pH 8.5 

and containing 108 mg/L of HCO3
–
. The results of this research demonstrate promise of the 

first applications of Fe–citrate–based photo-Fenton chemistry applied to microbial 

inactivation under near-neutral and alkaline pH conditions. 

 

5.2 Materials and Methods 

 

5.2.1 Chemicals  

 

Ferrous sulphate heptahydrate (FeSO4˙7H2O) (Riedel-de Haën 99-103.4%); Goethite (α-

FeO(OH)), 30–50 mesh (Sigma–Aldrich South Africa); Ferric chloride (FeCl3) (98% carlo 

erba), Trisodium citrate dihydrate (Na3C6H5O7
.
2H2O) (99% Merck); Sodium hydrogen 

carbonate (NaHCO3) (analytical grade, Merck); Hydrogen peroxide (H2O2) 30% w/v (Riedel 

de Haën); Titanium (IV) oxysulfate (TiOSO4) (Fluka); Sodium hydroxide (NaOH, 98%) and 

hydrochloric acid (HCl, 36.5%), were purchased from Sigma-Aldrich. The spin-trap, 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO), was purchased from Enzo Life Sciences (ELS) AG 

(Lausen, Switzerland).  

All solutions were prepared immediately prior to irradiation with the use of ultrapure water. 

Two different types of water were used to suspend bacteria, i.e. ultrapure water and the 

natural water from Lake Geneva. Table 4-2 (Chapter 4) shows the physicochemical 

characteristics of these waters.  
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5.2.2 Fe–citrate complex preparation 

 

Fe–citrate complex was prepared according to the modified European patent (Antonini and 

Vidic, 1994). Ferric chloride (4.0 g) and sodium hydrogen carbonate (3.0 g) were dispersed in 

50 mL of distilled water and dissolved therein by stirring. This solution was degassed under 

vacuum for 2 h. Then, with constant stirring, Trisodium citrate dihydrate (4.0 g) were added. 

The colour of the solution turned to a pale brown. The solution was stored in the dark for 24 

h. Then, 40 mL of methanol was added to the brown solution under constant stirring at 25 °C 

and a brown precipitate was formed. The resulting suspension was centrifuged (5 min at 5000 

rpm) to remove the precipitate, and the clear supernatant solution was separated by filtration. 

The precipitate was washed with methanol at least three times and dried under vacuum at 

room temperature. 

 

5.2.3 Bacterial strains and growth media 

 

The bacterial strain used was E. coli K-12 (MG1655), a non-pathogenic wild-type strain, 

which can be handled with little genetic manipulation. Bacteria were inoculated from a stock 

in a nutrient-rich medium, Luria-Bertani (LB) broth, and incubated in a shaker incubator at 

37 °C and 180 rpm. After 8 h, cells were diluted (1% v/v) in the pre-heated LB broth and 

incubated at 37 °C for 15 h in the incubator until a stationary physiological phase was 

reached. Cells were separated during the stationary growth phase by centrifugation (15 

min at 5000 rpm, at 4 °C). The bacterial pellet was re-suspended and washed three times 

with a saline solution in the centrifuge. This procedure resulted in a bacterial pellet of 

approximately l0
9
 colony forming units per millilitre (CFU/mL).   

 

5.2.4 Experimental 

 

5.2.4.1 Photo-degradation of Fe–citrate complex at various pH values 

The photo-degradation of Fe–citrate complex in the presence of H2O2 at controlled pH levels 

of 6.5, 7.5 and 8.5 were determined by molecular absorption spectroscopy, using a UV-Vis 

spectrophotometer, Model 1700 (Shimadzu, Japan). Fe–citrate concentration: 3.8 mg/L 

relative to the Fe content. Hydrogen peroxide concentration: 10 mg/L. 
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5.2.4.2 Photo-inactivation experiments  

All bacterial inactivation experiments were performed in Pyrex reactors (4 cm x 9 cm, 100 

mL). The Pyrex reactors containing the bacterial suspension in water (approximately 10
6 

CFU/mL) were placed in the dark at 25 °C and kept under magnetic stirring for at least 30 min 

to let the bacteria adapt to the new matrix and to allow the die-off and equilibration of the 

most stress-sensitive species.   

The following systems were analysed for the inactivation effect on E. coli. (i) photo-Fenton 

process mediated by Fe–citrate (Fe–citrate concentration: 0.6 mg/L relative to the Fe content) 

at various pH values: 6.5, 7.5 and 8.5.; (ii) photo-Fenton process with different Fe–citrate 

concentrations: 0.1, 0.3, 0.6, 1.0 and 2.0 mg/L, relative to the Fe content; (iii) photo-Fenton 

process mediated by different iron sources Fe–citrate, FeSO4, goethite and under control 

experiments: Fe–citrate/light, Fe–citrate/H2O2/dark, light alone and H2O2/light, (Fe–citrate 

concentration: 0.6 mg/L relative to the Fe content) and (iv) photo-Fenton process mediated by 

Fe–citrate suspended in natural water from lake Geneva (Switzerland). In the experiments, 

iron was added to a solution of E. coli. Then, the pH was adjusted to 6.5 or 7.5 or 8.5, 

depending on the experiment. Finally, H2O2 (10 mg/L) was added to the reactor as the last 

component. Aliquots were collected during set intervals within the inactivation time. 

Solar exposure experiments were carried out using a solar simulator CPS Suntest System 

(Heraeus Noblelight, Hanau, Germany). The Suntest bears a lamp that emits ∼0.5% of the 

photons at wavelengths < 300 nm (UVC cut-off at 290 nm), ∼7% between 300 and 400 nm 

and the rest follow the solar spectrum above that value until IR range (IR was cut-off by 

filtering). The radiance intensity was measured by a spectroradiometer, Model ILT-900-R 

(International Light Technologies) and corresponded to 820 W/m
2
 of light global intensity 

(20.2 W/m
2
 on the UV). 

During the experiments, the temperature in the reactors did not exceed 38°C. After each 

experiment, the reactors were rinsed with nitric acid (10%) followed by washing with distilled 

water and, finally, autoclaved. All the experiments were conducted triplicate, with good 

reproducibility (<10% difference between replicates).  
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5.2.4.3 Post-irradiation events 

Bacterial reactivation and/or growth were determined for photo-Fenton experiments by 

keeping the final samples in the dark, at room temperature (20-25 °C) for 24 and 48 h 

before the measurement of the CFU. 

 

5.2.5 Analytical methods 

 

Total dissolved iron was measured using an Inductively Coupled Plasma Mass Spectrometer 

(ICP-MS), Model ICPE-9000 (Shimadzu, Japan). Samples were filtered (0.25 µm) and kept in 

acid solution prior to the determination. The detection limit ranges of spectrometry used for 

this experiment were (0.2–0.9 µg/L). The concentration of H2O2 was monitored using a 

titanium (IV) oxysulfate solution via a spectrophotometric method at 410 nm (modified 

method DIN 38 402 H15). The titanium (IV) oxysulfate method has a 0.1 mg/L detection 

limit. The pH was measured with a pH-metre Metrohm 827 pH-lab using a glass electrode.  

 

5.2.5.1 Electron spin resonance spectroscopy (ESR)   

ESR in combination with spin-trapping was used to monitor the formation of ROS, i.e. 

namely HO
•
 and O2

•-
 radicals, generated by heterogeneous and homogeneous photo-Fenton 

processes mediated by Fe–citrate, FeSO4 and goethite. A stock solution of DMPO (0.5 M) 

was prepared in ultrapure water and stored at –20 
°
C.  

The following systems were used to study the light-induced ROS formation in photo-Fenton 

process: (i) Fe–citrate concentration: 3.8 mg/L relative to the Fe content, H2O2:10 mg/L; (ii)  

Fe–citrate or FeSO4 or goethite concentration: 0.6 mg/L relative to the Fe content and 10 

mg/L of H2O2. The solutions of system (i) were exposed to UV-A light (~365 nm) using a UV 

spot light source, Lightingcure™, model LC-8 (Hamamatsu Photonics, France). Systems (ii) 

were exposed to simulated solar light (global light intensity of 820 W/m
2
 and 20.2 W/m

2 
in 

the UV-A range) under constant agitation. Just before performing the photo-generation of 

ROS, DMPO (final concentration of 100 mM) was added to Fenton’s reagents. Subsequently, 

2 mL aliquots of the prepared samples were transferred into small Pyrex beakers (5 mL 

volume, 20 mm outer diameter and 30 mm height) and positioned in a solar light simulator, 

CPS Suntest System (Heraeus Noblelight, Hanau, Germany). Next, at the selected time 

intervals, the sample of the Fenton’s reagents was drawn into thin glass capillaries (0.7 mm 



Chapter 5 

 

88 

 

ID/0.87 mm OD, from VitroCom, NJ, USA), which were then sealed on both ends using the 

Cha-Seal™ tube-sealing compound (Medex International, Inc. USA). ESR measurements 

were carried out at room temperature using a Bruker X-band spectrometer, Model EleXsys 

500 (Bruker BioSpin, Karlsruhe, Germany) equipped with a high-Q cylindrical TE011 

microwave cavity, Model ER4123SHQE. The typical instrumental settings were: frequency of 

9.4 GHz; microwave power of 0.63 mW; scan width of 120 G; magnetic field resolution of 

2048 points; modulation frequency of 100 kHz; modulation amplitude of 1.0 G; receiver gain 

of 60 dB; conversion time of 40.96 ms; time constant of 20.48 ms and sweep time of 84 s. 

The spin-adducts concentrations were estimated using the double integration of the first-

derivative ESR spectra. The actual concentrations of spin-adducts were derived by 

comparison with a calibrated ESR signal, which was acquired for a stable nitroxide radical, 

TEMPOL (10 µmol/L). The data analysis was carried out using Origin Pro 9.0 software.  

 

5.2.6 Data treatment 

 

The bacterial inactivation kinetics can be described by the first order kinetic model proposed 

by Chickse Watson (McGuigan et al., 2012) (Eq. (5.4)):  

 

Nt =  N0e
-kt

                                                                                                                  (5.4) 

 

where N0 is the concentration of viable organisms before radiation exposure; Nt is the 

concentration of organisms surviving after irradiation time; t is the irradiation time (at 

constant light flux) and k is the first order inactivation rate.  

To compare inactivation between the different treatments tested, the constants of inactivation 

rate were obtained, kobs, from fitting of plots of log(CFU/mL) vs. time. The fitting was carried 

out by GInaFiT, a tool of Microsoft Excel for testing different types of microbial survival 

models on experimental data (Geeraerd et al., 2005). The root mean square error of the fit to 

the experimental data was evaluated. The R
2
 of the model was in most cases superior to 0.9.  

The standard error was calculated by the sample standard deviation divided by the square root 

of the sample size, as follows:  SE = , where S is the sample standard deviation, and n is the 

size (number of observations) of the sample. The standard deviation was calculated using a 

minimum of three measures. Standard error was found to be approximately 5%.  
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5.3 Results and discussion 

 

5.3.1 Photo-degradation of Fe–citrate complex in the presence of H2O2 at different 

controlled pH levels 

 

Before evaluating the photo-Fenton–mediated bacterial inactivation, control experiments were 

carried out in order to understand the behaviour of the iron-citrate complex during the photo-

Fenton reaction in the absence of bacteria. 

Figure 5-1(a) shows the UV–visible absorption spectra of the Fe–citrate complex in the 

presence of H2O2 at pH levels of 6.5, 7.5 and 8.5 determinated by NaOH addition. As can be 

seen, Fe–citrate complexes absorb in the UV–visible region (300–450 nm) and thus have the 

potential for utilizing sunlight as an irradiation source.   

The curves of Fe–citrate disappearance kinetics at different controlled pH levels of 6.5, 7.5 

and 8.5 upon irradiation with simulated solar light are presented in Figure 5-1(b). The total 

disappearance of Fe–citrate complex was observed at different pH values. However, it was 

markedly accelerated at pH 6.5 and 7.5 (Figure 5-1(b), traces () and (∎)). At these pH 

values, citrate forms stable complexes with ferric ions (Fe
3+

) as can be observed in the 

conditional stability constants (Figure 5-2). The photochemical reactions of these complexes 

undergo via LMCT, thus by dissociating into Fe
2+

 and Citrate
2•−

 (Eq. (5.5)) (Chen et al., 

2011). Thus, the dissociation into citrate ligand is certainly responsible for the significant 

changes observed in the UV–visible absorption spectra (Vukosav et al., 2010). It is interesting 

to notice that at pH 8.5, in contrast to pH 6.5 and 7.5, no significant degradation of the Fe-

citrate was observed before 60 min of treatment (Figure 5-1(b), trace (●)) indicating that the 

Fe–citrate complex was more stable at this pH.  

These results could be attributed to: 

(i) The possible structural changes of the Fe
3+

–citrate complexes. In particular, Vukosav 

et al., (2010), (2012) suggested a bond splitting between citrate hydroxyl oxygen and 

Fe
3+

 in the iron coordination sphere above pH 7.0. This change would enable the 

attachment of OH
– 

ions from the solution to the coordination sphere of Fe
3+

-citrate 

complexes. In the reported experiments, the chemical changes in the complex were 
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evidenced only by voltammetric measurements, being, however, unlikely to be 

detected by UV–Visible spectrophotometry.  

(ii) The presence of Fe
3+

/Fe
2+

 mixed–valence complexes which may occur at high pH 

(Königsberger et al., 2000). The two mixed–valence complexes, Fe
3+

Fe
2+

Cit
2+

 and 

Fe
3+

Fe
2+

Cit2H2
+
, have been previously identified in aqueous citrate media from 

spectrophotometric absorption data (Binder, 1971).  

(iii) Photo–generated ferrous iron–mediated ferric–ferrous ion exchange in the Fe
3+

–citrate 

complex. According to the stability constants conditional of Fe–citrate (log K
-1

) 

(Figure 5-2), the Fe
2+

–citrate complex becomes the predominant complex at pH above 

7.5 (Rey et al., 1998). Krishnamurti and Huang, (1991) have reported that citrate form 

a stable complex with Fe
2+

 that considerably retarded its oxidation at constant pH 6.0. 

A similar finding using fulvic acid have reported by Rey et al., (1998).  They observed 

that Fe
2+

–fulvic acid complexes are formed at basic pH and increasing the pH results 

in a strong decrease in the rate constants for the dissociation of Fe
2+

–fulvic acid 

complexes. Pham and Waite,  (2008) have also supports the presence of Fe
2+

–citrate 

species at near-neutral and alkaline solutions. Other studies indicate that Fe
2+ 

in a 

complexed form (FeL
2+

), is stable with respect to oxidation and such ligand 

stabilization has been suggested as an explanation for the apparent presence of Fe
2+ 

in 

oxic solutions that contain relatively high levels of organic matter.  

A good correlation between the photo–decomposition of the Fe–citrate complex with the 

precipitation of iron in the system at pH 6.5, 7.5 and 8.5 was found (Figure 5-1(b) and (c)). 

The iron precipitation at pH 6.5 and 7.5 before 20 min of reaction (Figure 5-1(c), traces () 

and (∎)) is due to the oxidative degradation of the citrate ligand (Eq. (5.6)) (Chen et al., 

2011). Thus, in the absence of citrate ligand and at near-neutral pH, a spontaneous chemical 

oxidation of Fe
2+ 

ions to Fe
3+ 

occurs by both dissolved oxygen in the aqueous solution and 

added H2O2. The subsequent hydrolysis leads to the formation of the ferric hydroxo–complex 

(Fe(OH)2
+
)
 
(Eq. (5.7)). These iron intermediates ultimately transform into stable iron oxide 

end-products, such as goethite or lepidocrocite (Jolivet et al., 2004). In contrast, in the 

experiments conducted at pH 8.5, dissolved iron was observed up to 60 min of reaction and 

began to precipitate when the Fe–citrate complex started to be degraded.  
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(a) 
 

 
(b) 

 

 

(c) 

 

 
 

 

Figure 5-1: (a) UV–visible spectra of Fe–citrate; (b) Disappearance of Fe–citrate during 

photo-Fenton reaction; (c) Evolution of dissolved iron during photo-Fenton reaction at 

different controlled pH values: () pH 6.5; (∎) 7.5 and (●) 8.5. Fe-citrate concentration: 3.8 

mg/L relative to the Fe content, [H2O2]: 10 mg/L. Irradiated with simulated solar light. 

Experiments were conducted in triplicate and standard error was found to be approximately 

5%. 

pH = 8.5 

22 

pH = 6.5 
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Figure 5-2: Conditional stability constants for iron with citric acid. 

 

In our experiments, photo-products formed from the photo-dissociation of Fe–citrate did not 

contribute to solubilization of iron, contrary to the findings by Abida et al., (2012), who 

observed the stabilization of dissolved Fe
2+

 concentration at pH 6.0 after 120 min of 

irradiation. 

 

[Fe
3+

–citrate]
 
    +    hν    →    Fe

2+   
+  citrate

2•−         
                                                   (5.5) 

citrate
2•−   

+ O2   →      product  +  CO2 + O2
•−                                                                                         

(5.6) 

Fe
2+  

+  O2  →  Fe
3+  

→  Fe(OH)
2+ 

→  Fe(OH)2
+
                                                        (5.7) 

 

The results of Figure 5-1 (b) and (c)) show that the stability of Fe–citrate complex in the 

presence of H2O2 under simulated solar light is several times higher at pH 8.5 than at pH 6.5 

and 7.5 and its photo-decay rates follow the order: 6.5  7.5 > 8.5. In fact, previous work 

reported that oxalate was the best choice as ligand in acidic solutions and that citrate was 

preferable in neutral aqueous media for photo-Fenton studies (Zepp et al., 1992). Therefore, 

citrate proved to be a good ligand for iron ions to be used at near-neutral and alkaline pH for 

photo-Fenton studies.  
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5.3.2 ROS generation during Fe–citrate–based photo–Fenton system at various pH 

values 

 

The photo–generation of ROS, i.e. HO
•
 and O2

•−
 in the aqueous solution was determined 

during the Fe–citrate–based photo-Fenton process at pH 6.5, 7.5 and 8.5. The ESR spin-

trapping technique, with DMPO as a spin trap was employed to identify both HO
•
 and O2

•- 

radicals, thus leading to the formation of spin-adducts, DMPO–OH or DMPO–OOH, 

respectively. Both resulting paramagnetic products reveal distinct and easily recognizable 

ESR spectra. However, the DMPO-OOH spin adduct is well known to be highly unstable and 

rapidly decomposing into the DMPO–OH spin adduct (Buettner and Mason, 1990).  

Figure 5-3 shows that pH value has a great effect on the photo–generation of HO
•
 radicals. 

The photo-Fenton treatment at pH 8.5 (trace (●)) showed higher generation of HO
•
 radicals, as 

compared with the same system at pH 7.5 and 6.5 with 1.7, 1.0 and 0.9 mmol of HO
•
 radical, 

respectively (traces (∎) and ()). It is due to the mayor stability of the Fe-citrate complex at 

pH 8.5 as was showed in Figure 5-1(b) and (c), trace (●), enhancing Fenton reaction and the 

HO
•
 production rate (Eq. (5.10)).  

According to Chen et al., (2011), the stability of Fe
3+

/Fe
2+

–citrate was a predominant factor 

for the pH–dependent generation of HO
•
 in the Fe–citrate solutions. The main Fe–citrate 

species with ferrous and ferric iron ions include [FeHcit], [Fecit]
–
, [Fecit]

2–
 and [FeHcit]

+
, 

[Fecit], [FeOHcit]
–
,
 
respectively (Field et al., 1974). However, there are some discrepancies in 

literature concerning the Fe
3+

–citrate species dominant in solution at different pH values 

(Königsberger et al., 2000; Zhang et al., 2006).  

The generation of HO
•
 radicals is induced by photoactive [FeOHcit]

– 
complex, which is the 

main species formed at neutral pH (Zepp et al., 1992; Chen et al., 2011) and can presumably 

be interpreted according to the following reactions (Eqs.(5.8)–(5.14)). 

 

[FeOHcit]
– 

 + hν       
LMCT

      Fe
2+

   +   3–HGA
2•−                   

k = 1.3 ×10
−2

 M
−1

 s
−1

 
         

(5.8) 

Fe
3+

–siderophore  +   hν       
LMCT

    Fe
2+

  +  L
•
    (5.9) 

[Fe
2+

cit]
–
   +  H2O2      →    Fe

3+
cit   +  OH

–   
+

   
HO

•
                                             (5.10) 

3–HGA
2•−   

+ O2   →    3–HGA
2− 

 +  CO2   +    O2
•−

                  k = 1.0× 10
6
 M

−1
 s

−1
          (5.11)

 

HO2
•
        O2

•−
  +   H

+
,   pKa = 4.8                                                                         (5.12) 
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HO2
•
 + O2

•−
 + H2O   →    H2O2 + O2 + OH

−
                                                              (5.13) 

HO2
•    

+    HO2
•
   →    H2O2 + O2                                                                               (5.14) 

 

It has been well–established that the mechanism of photo–generation of HO
•
 radicals is 

generated through a LMCT transition and a subsequent Fenton reaction. Thus, the photoactive 

[FeOHCit]
– 

complex and Fe
3+

–siderophore complex (secreted by bacteria) undergoes a 

photolytic process whose primary step is a LMCT process with generate Fe
2+

 and ligand 

radical (Eqs. (5.8) and (5.9)) (Köster, 2001; Upritchard et al., 2007). Fe
2+ 

will undergo a 

Fenton reaction with added and formed hydrogen peroxide to produce HO
• 
(Eq. (5.10)). The 

citrate ligand oxidized HGA
2•− 

(3–hydroxyglutaric acid) in the presence of oxygen, result in 

superoxide radical anion (O2
•−

)
 
that is in acid–base equilibrium with the hydroperoxyl radical 

(Eqs. (5.11) and (5.12)). These radicals can disproportionate to hydrogen peroxide (Eqs. 

(5.13) and (5.14). It has been reported by speciation computations and kinetics experiments 

that Fe
2+

 and citrate complex react efficiently with H2O2 to produce HO
•
 in aqueous solutions 

with pH ranging from 3 to 8 (Zepp et al., 1992).  

 

 

Figure 5-3: The ESR–measured formation of hydroxyl radical (HO
•
) during photo-Fenton 

process mediated by Fe–citrate at different pH values: () pH 6.5; (∎) 7.5 and (●) 8.5. Fe-

citrate concentration: 3.8 mg/L relative to the Fe content, [H2O2]: 10 mg/L. Irradiated with 

UV–A radiation.  
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Fe
3+

-Citph/ H2O2/hv 

Fe
2+

-sulfate/ H2O2/hv 

5.3.3 Effect of pH on bacterial inactivation rates during Fe–citrate–based photo-

Fenton process 

 

The influence of pH values of 6.5, 7.5 and 8.5 were evaluated on E. coli inactivation by 

photo-Fenton reagent in the presence of H2O2 and Fe–citrate complex as iron source. 

Interestingly, in this pH range, the efficiency of the Fe–citrate–based photo-Fenton process to 

bacterial inactivation is independent of pH. Figure 5-4 (traces (), (∎) and (●)) shows that 

the complete bacterial inactivation was achieved in all cases before 30 min of treatment, with 

very close inactivation rate constants, at pH levels of 6.5, 7.5 and 8.5, respectively (Table 5-

1). The bacterial inactivation rate was not correlated with the HO
•
 production rate for the 

tested pH values (Figure 5-3). Probably, in the full range of experimental conditions reported 

here, the HO
•
 production rate was high enough to reach the maximum bacterial inactivation 

rate. In other words, the process was not limited by the HO
•
 availability even at pH 6.5 and 

7.5.   

 

 

Figure 5-4: E. coli inactivation during photo-Fenton process mediated by Fe–citrate at 

different pH values: () pH 6.5; (∎) 7.5 and (●) 8.5. Insert: comparison of the photo-Fenton 

treatment using FeSO4 and Fe–citrate at pH 7.5. Fe–citrate or FeSO4 concentration: 0.6 mg/L 

relative to the Fe content, [H2O2]: 10 mg/L. Irradiated with simulated solar light. Experiments 

were conducted in triplicate and standard error was found to be approximately 5%.  
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Table 5-1: Summary of inactivation rate constants Kobs [min
-1

] obtained from fitting of plots 

of log (CFU/mL) vs. time. Values of pH, dissolved Fe and H2O2 at the initial time (0 min) and 

final time (120 min) for all the experiments.  

Systems Kobs [min
-1

] 

 pH   Fe (mg/L)  H2O2 (mg/L) 

 initial final  
0  

min 

60 

min 

120 

min 
 initial final 

Figure 5-4: Effect of the pH  

Fe-citrate+H2O2+light 0.735±0.003  6.5 5.4  0.6 0.3 0.2  10.0 2.8 

Fe-citrate+H2O2+light 0.754±0.014  7.5 6.2  0.6 0.2 0.2  10.0 2.2 

Fe-citrate+H2O2+light 0.695±0.009  8.5 7.5  0.6 0.1 N. D  10.0 1.5 

 FeSO4+H2O2+light 0.163±0.021  7.5 6.8  N. D N. D N. D  10.0 7.4 

Figure 5-5: Effect of the Fe-citrate concentration 

Fe-citrate+H2O2+light 

0.287±0.009  6.5 6.3  0.1 0.05 0.03  10.0 9.8 

0.485±0.015  6.4 6.1  0.3 0.04 0.02  10.0 5.9 

0.736±0.001  6.5 5.5  0.6 0.3 0.2  10.0 2.7 

0.737±0.003  6.5 5.7  1.0 0.5 0.2  10.0 2.8 

0.751±0.012  6.5 5.5  2.0 0.8 0.4  10.0 2.5 

Figure 5-6: photo-Fenton process mediated by different iron sources 

 Fe-citrate+H2O2+light 0.736±0.001  6.5 5.4  0.6 0.3 0.2  10.0 2.8 

 FeSO4+H2O2+light 0.241±0.002  6.5 5.8  0.3 0.2 N. D  10.0 5.0 

 Goethite+H2O2+light 0.137±0.016  6.5 6.2  N. D N. D N. D  10.0 8.8 

 Fe-citrate+light -  6.5 6.3  0.6 0.4 0.4  - - 

 Fe-citrate+H2O2+dark -  6.5 6.4  0.6 0.3 0.3  10.0 9.4 

Figure 5-8: Photo-Fenton process in natural water (Lake Geneva) 

 Fe-citrate+H2O2+light  0.263±0.012  8.3 8.2  0.6 0.4 0.2  10.0 2.0 

 Fe-citrate+light -  8.3 8.3  0.6 0.4 0.4  - - 

 Fe-citrate+H2O2+dark -  8.3 8.3  0.6 0.5 0.5  10.0 9.2 

H2O2+light -  8.4 8.3  - - -  10.0 9.3 

light -  8.5 8.4  - - -  - - 

 

Dissolved iron was present during the entire Fe–citrate–mediated photo-Fenton reaction at pH 

6.5 and 7.5 in the presence of bacteria (Table 5-1). In contrast, dissolved iron was not detected 

after 20 min of reaction at the same pH values in the absence of bacteria (Figure 5-1 (c), 

traces () and (∎)). This could be explained by the siderophores secreted by E. coli (e.g., 

ferritins and aerobactin) (Andrews et al., 2003) that can chelate iron, allowing for its 

solubilization. The photo-reduction of Fe
3+

 from Fe
3+

–siderophore complexes under UV–A 

and visible radiation produces HO
•
 and regenerates Fe

2+ 
via LMCT (Köster, 2001; Upritchard 

et al., 2007). However, in the experiments conducted at pH 8.5, dissolved iron was negligible 

after 60 min of Fe–citrate–mediated photo-Fenton reaction in the presence of bacteria, even if 

the detection limit of the employed ICP-MS spectrometry was of 0.2–0.9 µg/L (Table 5-1). 



Chapter 5 

 

97 

 

This could be due to the non-soluble crystalline forms of iron species formed at high pH, 

which are more stable, to be complexed by siderophores (Sulzberger and Laubscher, 1995). 

These results are in good agreement with those reported by Waite and Morel (Waite and 

Morel, 1984), who detected photo-reduced iron from amorphous Fe-hydroxides at pH 6.5, but 

not at pH 8.0. They proposed that a hydroxylated ferric surface species is the primary 

chromophore (light absorbing compound), analogous to the photo-reduction of Fe(OH)
2+

, 

they also said that at pH 8 the Fe
3+

 surface complex was more strongly hydrolyzed and less 

prone to photo-reduction. However, in this study, E. coli inactivation was reached before 30 

min of treatment when dissolved iron was still detected. Therefore, the photo-Fenton reaction 

carried out at near-neutral and alkaline pH using citrate as source of iron was mainly 

conducted by a homogeneous reaction. Control experiments conducted in the absence of the 

Fenton reagents at different pH values of 6.5, 7.5 and 8.5 showed that the survival of bacteria 

was unaffected for the tested pH values under dark. 

The insert in Figure 5-4 shows a comparison of E. coli inactivation during heterogeneous and 

homogeneous photo-Fenton reaction mediated by Fe–citrate and FeSO4, respectively, at initial 

pH level of 7.5. In this latter condition, Fe
2+

 from FeSO4 was instantaneously converted into 

solid iron oxides by O2 and H2O2 (Table 5-1). In fact, goethite (α-FeO(OH)) and/or 

lepidocrocite (γ-FeO(OH)), which have been reported to be formed by oxidation of Fe
2+

 in 

solution at neutral pH (Cornell, 2000; Ruales-Lonfat et al., 2015), are probably involved in 

the bacterial inactivation reached after 90 min of treatment (insert in Figure 5-4). In contrast, 

the Fe–citrate–mediated photo-Fenton reaction showed a faster bacterial inactivation rate 

compared to FeSO4 system, with corresponding inactivation rate constants of 0.754 ± 0.014 

min
-1

 and 0.163 ± 0.021 min
-1

, respectively. This is due to the presence of dissolved iron ions 

in the Fe–citrate–based photo-Fenton treatment (Table 5-1). They contribute to the 

homogeneous catalytic cycle, thus accelerating the decomposition of H2O2, which, in turn, 

results in enhancement of HO
•
 production (Eq. (5.10)). This observation was corroborated by 

the hydrogen peroxide consumption that was greater for the Fe–citrate–mediated photo-

Fenton reaction (78%) than FeSO4–mediated photo-Fenton reaction (26%) (Table 5-1).   

The pH of the solutions decreases roughly by 1 unit for all the studied systems (Table 5-1). 

This concomitant decrease in pH is the result of aliphatic acids generated during 

photocatalytic oxidation of both bacteria and citrate ligands by HO
•
 radical produced by 

photo-Fenton reaction. Previous studies have demonstrated that the pH value of Fe–citrate–
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mediated photo-Fenton reaction had a great effect on the degradation extend of organic 

compounds. Silva et al., (2007) showed a decrease of herbicide degradation efficiency as the 

pH increase during iron–citrate–based photo-Fenton process under solar irradiation. However, 

in this study, the application of this complex towards inactivation of microorganisms present 

in aqueous solution was not significantly affected by pH. This remarkable finding indicates 

that, when using Fe–citrate as source of iron during photo-Fenton treatment, the bacterial 

inactivation can be carried out at near-neutral and alkaline pH, which is advantageous for 

environmental applications. 

 

5.3.4 Influence of Fe–citrate concentration on bacterial inactivation by photo-

Fenton processes 

 

To inspect the effect of Fe–citrate concentration on E. coli inactivation, the experiments was 

conducted in the presence of 0.1, 0.3, 0.6, 1.0 and 2.0 mg/L of iron, with 10 mg/L H2O2, at pH 

6.5. Due to efficiency of the Fe–citrate–based photo-Fenton process to bacterial inactivation 

was independent of the pH in the range of 6.5 to 8.5 (section 5.3.3), a value of 6.5 was 

selected for the evaluation of the others parameters on the inactivation. The results shown in 

Figure 5-5 indicate that increasing the Fe–citrate
 
concentration from 0.1 mg/L to 0.6 mg/L 

(concentrations relatives to the Fe content) has a positive effect on the rate of bacterial 

inactivation. The initial Fe–citrate
 
concentration doses of 0.1 and 0.3 mg/L resulted in 

complete bacterial inactivation after 75 and 45 min of reaction, with inactivation rate 

constants of 0.287±0.001 min
-1

 and 0.485±0.015 min
-1

, respectively (Figure 5-5, traces (●) 

and ()). When the Fe–citrate concentration was increased to 0.6 mg/L, the inactivation was 

improved with an inactivation rate constant of 0.736±0.001 min
-1

 (Table 5-1). These results 

can be explained by an increase in the reaction kinetics due to the higher iron concentration 

(Herrera et al., 1998; Pérez et al., 2002), which was also observed in a faster consumption of 

H2O2. This certainly promotes a higher generation of hydroxyl radicals and consequently, 

induces an enhancement of bacterial inactivation rate. Correspondingly, after 120 min of 

treatment, 2%, 41% and 73% of H2O2 were consumed for 0.1, 0.3 and 0.6 mg/L of iron, 

respectively (Table 5-1). Nevertheless, at higher concentrations of Fe–citrate (1.0 and 2.0 

mg/L), no significant differences were found in the inactivation rate constants, compared with 

a concentration of 0.6 mg/L, kobs were 0.737±0.003 min
-1

, 0.751±0.012 min
-1

 and 0.736±0.001 

min
-1

,
 
respectively. As shown in Eqs. (5.8) and (5.10), a higher level of HO

•
 radicals 
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generation was expected at a higher Fe–citrate concentration due to the enhanced absorption 

of light by Fe–complexes (Cho et al., 2004b). However, photo–generated HO
•
 radicals could 

react with both bacteria and Fe–citrate complex. Thus, when the concentration of Fe–citrate 

increased, the role of the Fe–citrate as a competitor for the HO
•
 reaction could also be more 

important (Balmer and Sulzberger, 1999). These results indicate that low ranges of 

concentration of Fe–citrate (Fe–citrate concentration: 0.6 mg/L relative to the Fe content) in 

homogeneous photo-Fenton system at near-neutral pH are adequate to efficiently inactivate E. 

coli under specific experimental conditions. 

 

 

 

Figure 5-5: E. coli inactivation during photo-Fenton process with different Fe–citrate 

concentrations: (●) 0.1 mg/L; () 0.3 mg/L; () 0.6 mg/L; () 1.0 mg/L and () 2.0 mg/L. 

Concentrations relatives to the Fe content, [H2O2]: 10 mg/L, pH 6.5. Irradiated with simulated 

solar light. Experiments were conducted in triplicate and standard error was found to be 

approximately 5%.  

 

5.3.5 Bacterial inactivation by photo-Fenton process using different iron sources 

 

The positive effect of the Fe–citrate complex was compared, in terms of bacterial inactivation 

efficiency, with the other sources or iron: cationic iron (FeSO4) and goethite at pH 6.5. The 

benefit of using the iron-citrate complex, as iron source in the photo-Fenton process for the 

bacterial inactivation was clear, reaching total bacterial inactivation before 30 min of 

treatment, while for FeSO4 and goethite–based photo-Fenton systems bacterial inactivation 
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was reached before 90 min of treatment (Figure 5-6). The inactivation rate constants, 

presented in Table 5-1, confirmed the effects observed on the curves. The higher efficiency of 

bacterial inactivation observed with Fe–citrate complexes (kobs: 0.736±0.001 min
-1

) in relation 

to cationic iron (FeSO4) (kobs: 0.241±0.00 min
-1

) or goethite (kobs: 0.137±0.007 min
-1

) can be 

attributed to several reasons. First of all, the citrate forms stable complexes with Fe
3+ 

and 

leads to the higher solubility and stabilization of iron in aqueous solution at neutral pH, which 

leads to higher activity of iron in solution. Dissolved iron was observed during entire 

treatment period (Table 5-1). Secondly, the photoactivity of the Fe–citrate species, which 

generates Fe
2+ 

with a relatively high quantum yield (ΦFe2+) that improve the photo-Fenton 

reaction [36, 37]. On the contrary, for the FeSO4–based photo-Fenton systems, the dissolved 

iron passed from 0.3 mg/L to 0.2 mg/L after 60 min of reaction, suggesting a lesser 

contribution of a homogeneous photo-catalytic reaction than with Fe–citrate.  Then, after 60 

min of treatment, iron precipitates and a transition from a homogeneous to a heterogeneous 

process occurred (Table 5-1). Thus, after 60 min of treatment E. coli inactivation was 

mediated by the heterogeneous photocatalytic action of solid iron species that participated in 

the photo-Fenton reactions, although at slower rates than dissolved iron (Cornell and 

Schewetmann, 2003). In our previous paper (Ruales-Lonfat et al., 2015), it was shown that 

iron (hydr)oxide alone or mixed as goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) were 

formed by oxidation of Fe
2+

 in solution during photo-Fenton process at neutral pH. When 

goethite was used as source of iron in the photo-Fenton process, dissolved iron was not 

detected in the filtrate samples during the reaction (Table 5-1). Thus, E. coli inactivation was 

mediated by a heterogeneous photo-Fenton process from the beginning of the reaction.  

The H2O2 consumption was related with the extent of dissolved iron for the three iron sources. 

72%, 50% and 12% of H2O2 were consumed after 120 min of treatment in the presence of Fe–

citrate, iron sulphate and goethite, respectively (Table 5-1). The higher H2O2 consumption in 

the presence of organic complexes is also related to the higher quantum yield of Fe
2+

 

generation as compared to cationic iron (FeSO4) or goethite. The quantum yield, in moles of 

Fe
2+

 produced per photon of incident UV radiation, increases in the following order: Fe
3+

-

complexes > dissolved (Fe
3+

) species > Fe
3+

 in oxide form (Tan, 2003; Trovó and Nogueira, 

2011). The same results were observed for degradation of organic compounds (Silva et al., 

2007; Trovó and Nogueira, 2011; Batista and Nogueira, 2012) where a higher efficiency with 

iron citrate was found as compared to iron salt. 
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The inactivation of E. coli by a homogeneous photo-Fenton process may be explained by: 

(i) Internal process, where endogenous photo-sensitizers and internal iron sources 

synergistically coupled to external UV and Fenton reactants (Fe
2+

, H2O2) lead to 

oxidative stress through the intracellular Fenton’s reaction, generating highly toxic HO
•
 

that can directly attack DNA and other intracellular components leading to bacterial 

growth inhibition,  

(ii) Contribution of external pathways, where exogenous short-living reactive oxygen 

species (ROS) formed outside of the cell, such as 
1
O2, H2O2 and HO

•
, directly attack the 

external cell membrane and initiate lipid peroxidation chain reactions. This increases 

membrane permeability and subsequently alters normal cell functions and affects cell 

viability (Cabiscol et al., 2000). However, we consider that the internal (photo)Fenton 

mechanism represents a key contribution to the overall inactivation process, since the 

photo-Fenton treatment at neutral pH induces only slight lipid peroxidation and cell 

permeability changes, as reported in our previous paper (Ruales-Lonfat et al., 2014).  

 

 

Figure 5-6: E. coli inactivation during photo-Fenton process mediated by different iron 

sources. () Fe–citrate/H2O2/light; () FeSO4/H2O2/light and (●) goethite/H2O2/light. 

Control experiments: () Fe–citrate/light; () Fe–citrate/H2O2/dark; () light alone; (□) 

H2O2/light. Fe–citrate or FeSO4 or goethite concentration: 0.6 mg/L relative to the Fe content, 

[H2O2]: 10 mg/L, pH 6.5. Irradiated with simulated solar light. Experiments were conducted 

in triplicate and standard error was found to be approximately 5%.   
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The mechanism involved in goethite-based heterogeneous photo Fenton process can be 

summarized by two mechanisms:  

(i) Photo-reduction of > Fe
3+

OH
 
to > Fe

2+
 on the surface of iron-bearing particles, under 

Vis irradiation (Leland and Bard, 1987), which subsequently reacts with H2O2 

generating HO
•
 radicals at the particle surface. Then, the generated HO

•
 radicals 

attacked the bacteria adsorbed on the surface of the iron oxide particles. (>Fe
3+

OH
 
and 

> Fe
2+ 

represent the iron
 
species in solid or solution phase), 

(ii) Photocatalytic action of goethite, which possesses semiconductor properties with a band 

gap of 2.0–2.3 eV, typical to iron oxide semiconductors. Electrons and hole that are 

photogenerated in the goethite particles are scavenged by surface sites (> FeOH) to 

produce HO
•
 radicals and > Fe

2+
. Also, conduction band electrons could react with O2 to 

form O2
•−

 and generate HO
•
 by several subsequent steps (Xu et al., 2013). Furthermore, 

the photo-generated holes in the valence-band of goethite can directly react with 

bacteria (Xu et al., 2013; Ruales-Lonfat et al., 2015). Therefore, the reactive HO
•
 

radicals formed during these processes at the goethite and/or from direct oxidation of 

bacteria by surface holes could contribute to achieving complete bacterial inactivation 

after 90 min of treatment for the goethite/H2O2/light system (Figure 5-6, trace (●)). 

To get a better insight into the Fe–citrate complex–mediated bacterial inactivation through the 

formation of hydroxyl radicals, we compared the HO
•
 formation during the photo-Fenton 

process using different iron sources. The results shown in Figure 5-7 indicate that HO
•
 

radicals were not detected before illumination. This finding suggests that exposure to the 

simulated solar light was essential for generation of ROS for the photo-Fenton process using 

different iron sources. From the results shown in Figure 5-7 (traces (), () and (●)) it can 

be seen that the trend of HO
•
 radicals formation agreed well with the trend of bacterial 

inactivation during photo-Fenton treatment with different iron sources (Figure 5-6, traces (), 

() and (●)). This indicates that the bacterial inactivation is due to the production of HO
•
 and 

that Fe–citrate can enhance the HO
•
 formation in the photo-Fenton process compared to 

FeSO4- and goethite-based photo-Fenton treatments. This result is consistent with previous 

findings, which suggested that HO
•
 radical was the main species responsible for 

inactivating E. coli in the photoferrioxalate system under slightly acidic and near-neutral pH 

conditions (Cho et al., 2004b). 
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Figure 5-7: The ESR-measured formation of hydroxyl radical (HO
•
) during photo-Fenton 

process mediated by different iron sources. () Fe–citrate; () FeSO4 and (●) goethite. 

Concentration: 0.6 mg/L relative to the Fe content, [H2O2]: 10 mg/L, irradiated with simulated 

solar light. Insert: a typical ESR spectrum of the Fe–citrate/H2O2/light (red), FeSO4 

/H2O2/light (green) systems. 

 

The results of the photo-activity of Fe–citrate complex evaluated in the absence of H2O2 are 

shown in Figure 5-6. In particular, the trace (Δ) in Figure 5-6 shows 1.0 log10 reduction of the 

number of live bacteria during the first 30 min of treatment. This could be attributed to a 

combined action of HO2
•
/O2

•−
 radicals formed during the photo-reduction of Fe–citrate via 

reactions (Eqs. (5.11) and (5.12)). The photo-generation of O2
•−

 from Fe–citrate solution was 

detected only qualitatively, by electron spin resonance spectroscopy (ESR) and was not 

sufficient for the quantitative analysis. Furthermore, the possibility of the involvement of a 

ligand radical, 3–hydroxyglutaric acid, (3–HGA
2•−

), in inactivating E. coli cannot be 

excluded. These radical species are generated in the photo-reduction of Fe–citrate, as 

highlighted in Eq. (5.8). Nevertheless, due to the instantaneous decarboxylation and oxidation 

of HGA
2•− 

(Eq. (5.11)), the chance of inactivating E. coli by Citrate
2•− 

is minimal. Beyond 30 

min of treatment a plateau was observed (Figure 5-6, traces (Δ)), possibly due to the Fe-citrate 

complex degradation. A similar result was observed by Cho et al., (2004b) who detected a 

slight photo-inactivation of E. coli for ferrioxalate complex in the absence of H2O2 dose at 

near-neutral pH. Fe-citrate complex absorbs in the UV and near-visible light (Figure 5-1(a)) 

producing a light screening effect, hindering its penetration in the water, and thus, protecting 

the bacteria. The negative screen effect was observed with regard to the control experiment 
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under light alone (Fig. 7, traces (Δ) and ()).  

In the absence of light, the Fe–citrate/H2O2 system (Fenton-like process) resulted in 0.5 log10 

reduction of the initial E. coli concentration during 60 min of reaction time (Figure 5-6, trace 

(+)). The absence of light limits Fe
2+

 regeneration (Eqs. (5.8) and (5.9)), and the catalytic 

cycle is, therefore, limited. Another control experiment under light alone (Figure 5-6, trace 

(○)) shows that the sunlight affects bacteria, although not immediately. The curve has a 

shoulder, which corresponds to first resistance phenomenon due to the self-defence and auto-

repair mechanisms of E. coli  (Helali et al., 2014). After that, the inactivation rate increases 

considerably reached 2 log reductions of bacteria at 420 min of treatment. It is the resulted 

from alteration in the bacterial metabolism through UV-A radiation. As the deleterious action 

of UV-A radiation was indirect, its effect on bacterial cultivability mainly resulted from 

photosensitization of endogenous chromophores such as co-enzymes or cytochromes, which 

could damage enzymes essential to bacteria growth (Pigeot-Rémy et al., 2012). 

 

5.3.6 Bacterial inactivation by Fe–citrate–based photo-Fenton process in natural 

water 

 

In order to evaluate the effect of dissolved organic and mineral matter present in natural 

drinking water sources on the activity of Fe–citrate–based photo-Fenton process during 

bacterial inactivation, water samples originating from Lake Geneva were used and compared 

with ultrapure water. As can be seen in Figure 5-8 (traces (Δ) and (●)), for the  Fe–

citrate/H2O2/light system, at the pH of 8.5, a complete E. coli inactivation was achieved 

before 60 and 30 min of treatment in both natural and ultrapure water, respectively. The 

inactivation rate constants presented in Table 5-1, confirm that the chemical components of 

the natural water do not enhance the Fe–citrate complex–mediated inactivation of bacteria 

through the homogeneous photo-Fenton action. Even if dissolved organic matter (DOM) had 

a positive effect on the complexation and solubilisation of iron  resulting from photolysis of 

Fe–citrate complex (Pignatello et al., 2006) (Table 5-1), DOM can react with HO
•
 and thus 

disfavour the inactivation of bacteria. DOM substances can also absorb the UV–vis light 

producing a light screening effect that limit the light absorption of the Fe–citrate to inactivate 

bacteria. Furthermore, the presence of bicarbonates ions in lake water (Table 5-1) probably 

affects the photo-Fenton system due to the scavenging the HO
•
 radicals, since HCO3

− 
react 
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with HO
•
 radicals to produce less reactive radicals, 

•
CO3

−
. The radical 

•
CO3

− 
is an 

electrophilic species reacting slower compared to HO
•
. Also, HCO3

−
 absorbs light hindering 

its penetration in the water, thus protecting the bacteria (Rubio et al., 2013).  

Control experiments Fe–citrate/H2O2 and Fe–citrate/light, in natural water did not yield 

inactivation, indicating that neither homogeneous Fenton processes nor photo-reduction of 

Fe–citrate complex contributed to bacterial inactivation under our experimental conditions 

(Figure 5-8, traces () and ()). A negative screen effect was observed for Fe-citrate/light 

system, with regard to the control experiment under light alone, due to the absorption of Fe-

citrate complex in the UV and near-visible light (Fig. 1), hindering its penetration in the 

water, thus protecting the bacteria (Figure 5-8, traces () and (●). For H2O2/light system 

control, complete bacterial inactivation was achieved before 120 min of treatment (Figure 5-8, 

trace (□). 

 

 

Figure 5-8: E. coli inactivation during photo-Fenton process. E. coli were suspended in 

natural water and ultrapure water having the characteristics described in Table 5-1. () Fe–

citrate/light, Lake water; () Fe–citrate/H2O2/dark, Lake water; (Δ) Fe–citrate/H2O2/light, 

Lake water (●) Fe–citrate/H2O2/light, ultrapure water (pH 8.5); (□) H2O2/light; () light 

alone. Fe-citrate concentration: 0.6 mg/L relative to the Fe content, [H2O2]: 10 mg/L. 

Irradiated with simulated solar light. Experiments were conducted in triplicate and standard 

error was found to be approximately 5%.  

 

The pH of the solution of Lake Geneva water remains constant during the treatment (the final 

pH was of 8.2, Table 5-1), thus revealing a strong buffer capacity. This is due to the presence 

of carbonate, hydrocarbonate and phosphate ions in solution as shown in the composition of 
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the natural water (Table 5-1). Instead, the pH in ultrapure water for the system Fe–

citrate/H2O2/simulated solar light decreased to the final pH value of 7.4. In each experiment, a 

residual peroxide concentration was detected at the end of the experiments ensuring the 

photo-Fenton reaction took place along of the treatment. 

To be sure that the bacteria appearing as not-cultivable were inactivated, rather than slightly 

damaged, when using the photo-Fenton reaction, bacterial reactivation and/or growth of 

bacteria were verified. No bacterial reactivation and/or growth were observed at various pH 

values, different Fe-citrate concentrations and type of irradiations for the Fe–citrate–mediated 

photo-Fenton treatment (data not shown). The same results were observed when using 

samples of natural water. Furthermore, no bacterial reactivation and/or growth were observed 

when Fe
3+

-citrate, FeSO4 and goethite were used as iron sources during the photo-Fenton 

process. This evidenced irreversible inactivation of bacteria by the homogeneous photo-

Fenton process at near-neutral and alkaline pH for all the iron sources and experimental 

conditions tested in this work. 

 

5.4 Conclusions  

 

Iron citrate-mediated intensification of the solar photo-Fenton process showed promising 

results for bacterial inactivation at near-neutral and alkaline pH conditions, with using low 

iron concentration (Fe–citrate concentration: 0.6 mg/L relative to the Fe content) and avoiding 

precipitation of ferric hydroxides. Positive results were also obtained while applying this 

treatment for bacterial inactivation in natural water samples from Lake Geneva (Switzerland) 

at pH 8.5. Additionally, no bacterial reactivation and/or growth were observed after photo-

Fenton treatment. This suggested irreversible inactivation, which is advantageous for 

environmental applications. 

The homogeneous photo-Fenton process at near-neutral pH, with using Fe–citrate complex as 

a source of iron, markedly improved the efficiency of bacterial inactivation as compared to 

the heterogeneous photo-Fenton treatment (FeSO4 and goethite as sources of iron). The 

bacterial inactivation rate increased in the order of goethite < FeSO4 < Fe-citrate, which 

agreed well with the trend for the HO
•
 radicals formation. The key reason has been attributed 

to the higher solubility and stabilization of iron in aqueous solution and a relatively high 

quantum yield of Fe-citrate complex. 
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This study reports the first application of Fe–citrate–based photo-Fenton chemistry for 

inactivation of E. coli. Another promising application of this system is related to the treatment 

of rural sites, where surface water or groundwater is frequently contaminated by agricultural 

chemicals and microorganisms. This type of application is promising, considering the 

simplicity of the installations and procedures, the possibility of using solar light and the low 

concentration of reagents used. Studies investigating larger-scale and field applications of the 

Fe–citrate–based photo-Fenton AOP are highly recommended. 
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6. Mechanistic interpretation of bacterial 

inactivation by photo-Fenton process at 

near-neutral pH. 

Based on these experimental observations and an exhaustive revision of the literature, a 

mechanistic interpretation of the inactivation of E. coli in the presence of the photo-Fenton 

reagents at near-neutral pH under simulated solar radiation is proposed. An overview is 

presented in Figure 6-1. The processes are subdivided in two groups: internal or external 

processes.  

 

6.1 Intensification of internal (photo)Fenton processes by the 

synergistic action of UV-A and external Fenton reactants 

 

(1)  UV-A light can damage iron-containing proteins such as ferritin, leading to the 

intracellular release of Fe
2+ 

and enzymes, such as catalase or superoxide dismutase 

(SOD), which constitute a cellular self-defense against ROS (Eisenstark, 1998). Their 

disfunction can lead to increased intracellular concentrations of long living ROS such as 

H2O2 and O2
•−

 (Imlay, 2003).  

(2)   Added Fe
2+ 

has a lower charge density than Fe
3+ 

and can diffuse across the outer 

membrane and is transported by specific proteins via a FeO (ferrous iron-transport) 

system across the cytoplasmic membrane (Cartron et al., 2006; Ruales-Lonfat et al., 

2014). 

(3)    Part of the added Fe
2+

 in the bulk of the solution precipitates as iron (hydr)oxides at 

near-neutral pH and can not move freely into the cell. Thus, siderophores produced by 

bacteria (enterobactin, aerobactin, and ferrichrome) can chelate iron to manage the Fe
3+

 

transport inside the cell via siderophores (metabolic Fe
3+

 chelating agents) (Köster, 

2001; Upritchard et al., 2007).  
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(4)   H2O2 is a long living ROS, thus relatively stable (unlike HO
•
) and uncharged (unlike 

O2
•−

). When added to the bulk of the solution, H2O2 can penetrate bacterial membrane 

and diffuses into cells; therefore, H2O2 stress arises inside cells (Imlay, 2008). 

(5)   Endogenous cell photosensitizers (PS) such as porphyrins, cytochromes, aromatic amino 

acids, flavins, tryptophan, chlorophyll, and other absorb solar light in the UV-A and 

visible spectrum. The excited PS can either directly attack biomolecules or react with 

surrounding oxygen generating ROS (Reed, 2004). 

The formation or penetration of H2O2 and Fe
2+

 in the cytoplasm by these systems (1-4) and 

endogenous photo-sensitizers lead to oxidative stress through the intracellular Fenton’s 

reaction (Imlay, 2003, 2008), generating highly toxic HO
•
 that can directly attack DNA, thus 

causing DNA deactivation primarily via pyrimidine dimerization and, consequently, cell 

growth inhibition (Zepp et al., 1992).   

 

6.2 Contribution of external pathways to bacteria inactivation 

 

Considering that the cell wall is a protective barrier against environmental stress to 

microorganisms, the following external events could occur in which the ROS generated leads 

to membrane peroxidation and increases in the permeability of bacterial cell walls. 

 

(6)   Fe
3+

 can be adsorbed or absorbed on proteins of the bacterial membrane and their 

carboxylic endgroups, thus leading to the formation of Fe
3+

-bacteria exciplexes. The 

photosensitization of these forms by UV-A and visible light might result in direct 

oxidation of the membrane, initiation of lipid peroxidation chains, and generation of 

Fe
2+

 and HO
•
 in spitting distance of the target microorganism (Feng and Nansheng, 

2000).  

(7)    Highly reactive short-living HO
•
 and other ROS are formed in the bulk of the solution 

by a homogeneous process through the contribution of the following routes: 

(a)    Iron ions can forms complexes with by-products (generated from bacterial 

inactivation) and with siderophores which absorb UVA and visible light, leading to 

the regeneration of Fe
2+

, which subsequently reacts with H2O2 generating HO
•
 in the 

bulk via the homogeneous photo-Fenton reagent (Pignatello et al., 2006). The 
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formation of Fe
3+

-organo complexes allows the photo-Fenton reactions to take place 

at near neutral pH (Cho et al., 2004b; Rodriguez-Chueca et al., 2013; Ortega-Gómez 

et al., 2014b; Rodríguez-Chueca et al., 2014b; Ruales-Lonfat et al., 2014; Ruales-

Lonfat et al., 2015).   

(b)    At near-neutral pH, Fe
2+

 is oxidized by O2 and H2O2 and precipitates as ferric 

(hydr)oxide. Siderophores secreted by bacteria increase the light-induced dissolution 

of ferric (hydr)oxide by forming bacteria Fe
3+

-siderophore complex (Andrews et al., 

2003; Borer et al., 2005; Upritchard et al., 2007). Additionally, by-products 

generated from bacterial inactivation can be polydentate ligands that form 

complexes with ferric ions (Fe
3+

-by-products), allowing their solubilization. The 

photo-reduction of these complexes under UV-A and visible radiation, produce HO
•
 

and regenerating Fe
2+ 

via LMCT (Feng and Nansheng, 2000).  

(c)    The radical formed by the photosensitization of Fe
3+

-complexes react with O2 

leading to the formation of the radicals such as O2
•−

/HO2
•
, that can attack the 

membrane. 

 

(8)  The iron (hydr)oxide particles under illumination at near-neutral pH participate in 

bacterial inactivation by the following routes:   

(a)  As semiconductor photocatalysis, leading to the formation of > Fe
2+ 

and HO
•
, 

followed by reaction between hole and superoxide radical to form singlet oxygen. 

Holes in the excited surface of iron (hydr)oxides can directly react with bacteria.  

(b) As catalysts of the heterogeneous photo-Fenton process by promoting the photo-

reduction of > Fe
3+

OH
 
to > Fe

2+
, which subsequently reacts with H2O2 generating 

HO
•
 radicals at the particle surface.  
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Figure 6-1: Mechanistic representation of possible pathways involved in photo-inactivation 

of E. coli in the presence of Fe
2+

, Fe
3+

 and H2O2 at near-neutral pH. R: receptor proteins, CM: 

cytoplasmatic membrane, OM: outer membrane, PS: photosensitizers. 
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7. General conclusions and perspectives 

7.1 Conclusions  

 

Heterogeneous and homogeneous photo-Fenton processes catalyzed by low concentration of 

iron are an efficient alternative for waterborne bacteria disinfection in natural water. Other 

types of bacteria such as Salmonella, Shigella, etc. may also be inactivated by this approach. 

Iron (hydr)oxides act as photocatalytic semiconductors and catalysts in the heterogeneous 

photo-Fenton process at near-neutral pH with the exception of magnetite, which needs H2O2 

as electron acceptors. Other iron (hydr)oxides were photoactive under sunlight in the absence 

of H2O2 using only oxygen as electron acceptors. Therefore, the iron (hydr)oxide particles, 

even those already present in environmental waters, represent low-cost photocatalysts for 

solar water disinfection. 

In the case of the homogeneous photo-Fenton process at neutral pH conditions using Fe–

citrate complex as a source of iron, improved bacterial inactivation compared to 

heterogeneous photo-Fenton treatment (FeSO4 and goethite as sources of iron). The bacterial 

inactivation rate increased in the order of goethite < FeSO4 < Fe-citrate, which agreed with 

the trend for the HO
•
 radicals formation, due to the higher solubility and stabilization of iron 

in aqueous solution and a relatively high quantum yield of Fe-citrate complex. 

The bacterial inactivation by photo-Fenton process at near-neutral pH is mediated by both 

internal and external processes that occur in the bacteria. Internal (photo)Fenton processes are 

mediated by the synergistic action of UV-A and presence of the Fenton reactants. For external 

events, homogeneous and heterogeneous photocatalytic actions contributed to efficient 

bacterial inactivation. 

Positive results were also obtained when homogeneous or heterogeneous photo-Fenton 

processes for bacterial inactivation in natural water samples from Lake Geneva (Switzerland) 

at pH 8.5 were applied. Additionally, no bacterial reactivation and/or growth were observed, 

suggesting irreversible inactivation. This type of application is promising, considering the 
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simplicity of the installations and procedures, the possibility of using solar light, the low 

concentration of reagents and the does not produce toxic waste.  

 

7.2 Perspectives 

 

In this work, ultrapure water and natural water were used during the investigation of bacterial 

inactivation by photo-Fenton processes at near-neutral pH. Further studies should be 

conducted to completely assess the effectiveness of these AOPs, heterogeneous and 

homogeneous photo-Fenton processes as disinfection methods. In this context, the following 

points should be considered:  

 

 Scaling up of the heterogeneous and homogeneous photo-Fenton processes.  

 The detailed inactivation kinetics for other type of bacteria and pathogens by these 

processes. 

 The effect of the NOM and the chemical composition of natural water especially 

HCO3
-
 contents on the photo-Fenton process, followed by the evaluation of their 

impact on the pH evolution during the photo-disinfecting treatment. 

 To compare the inactivation efficiency by Fe-citrate-based photo-Fenton process 

with others chelating agents (e.g. oxalate, EDDS, isolated or synthetic 

siderophores, etc.). 

 To further in the understanding of post irradiation events to elucidate the 

mechanism which leads damaged cells to death in the dark.  

 The efficiency of photo-Fenton processes at near-neutral pH in comparison with 

the conventional disinfection methods. 

 

To better understand the mechanisms involved in bacterial inactivation may address: 

 

 The effect of substances released during the bacterial inactivation. 

 The bacteria damage by ROS on the cell wall integrity and size can be followed 

by electron microscopy techniques (HRTEM, SEM). 

 The ad- and absorption of Fe
2+ 

and Fe
3+ 

by bacteria and to identify the nature of 

the parameters controlling the absorption. 
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 Address fluorescent probes to determine bacterial enzyme activity and damage by 

cytometry. 

 Determination of the membrane integrity by capillary cytometry, in the presence 

of SOD to show whether the generated O2
•−

 and HO
•
 are responsible for cell 

membrane damage. 

 

Finally, a socio-economic evaluation for the sustainable application of these processes as a 

disinfection method in developing countries may be conducted. The following points should 

be considered:  

 

 The economic feasibility of using photo-Fenton processes as a disinfection 

method. 

 The design of the treatment plant to incorporate a photo-Fenton -type system. 

 The maintenance services necessary in order to maintain an efficient inactivation 

by these processes over longer times of handling. 

 The possible sources of H2O2 production at point-of-use level as well as the 

conception and production of hydrogen peroxide pellets in easily usable dose for 

photo-Fenton treatment. 
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