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Foreword 

Water is an irreplaceable basic principle for life. This natural resource is a factor of 
subsistence for the human beings as well as a fundamental element for social welfare. 
Nevertheless, although water is one of the most abundant resources on the planet, still 1100 
million people (i.e., 18% of the world’s population) have no access to safe drinking water and 
2600 million people (i.e., 42% of the world’s population) have no access to improved sanitation. 
The main reason is that 97.5% of the water in the planet is located in the sea; therefore it is 
excessively salty for direct use as drinking water. 70% of the remaining 2.5%, that is fresh water, 
is locked in the icecaps and glaciers. 20% is confined to remote areas, and much of the rest 
arrives at the wrong time and place causing natural disasters. Thus, only less than 1% of the 
world’s fresh water resources are ready for human use.  
 

The problem with regard to the water requirement is not only related to its supply, but 
also to its demand. Globally, domestic use represents 10% of the world’s fresh water ready for 
human use. This demand is estimated to increase about 50% in the next two decades, mainly 
due to the predicted growth in the global population from 6500 million today to 7900 million by 
2025. Apart from the domestic needs, the local requirement is divided mainly into industrial and 
agricultural demand. Industrial water use represents 20% of the world’s fresh water ready for 
human use. In this ever-increasing sector, the water cycles are generally open. The industry 
extracts water from aquifers, from surface water or the public drinking water net and then, after 
being used for industrial needs, it is discharged as wastewater. On the other hand, water required 
for agriculture, which corresponds to the highest percentage of world’s fresh water ready for 
human use (i.e., 66%), is increasing even faster. This rise is mainly due to extensive irrigation 
programmes necessary to fulfil the increasing population’s needs and to sustain the industrial 
agriculture of the “Green Revolution”. Apart from that, 4% of the world’s fresh water is evaporated 
directly from reservoirs. 
 
  The water quality is the last but not least factor to consider when discussing water 
shortage. The non-biodegradable anthropogenic pollution discharged in the water systems 
deteriorates the water quality and, consequently, the removal of pollutants at source is of 
imminent necessity.  Due to all the aspects mentioned, water shortage is one of the most 
worrying problems for this millennium. “Reducing by half the proportion of people without 



                                                                                                                          
 

 

sustainable access to safe drinking water” as well as “integrate the principles of sustainable 

development into country policies and programmes and reverse loss of environmental resources” 
are part of the 7th UN millennium development goal. 
 

The unbalanced ratio between water supply and water demand, as well as the water 
quality deterioration, mean it is important to develop new operating systems that guarantee the 
optimization of the use of this natural resource. One particular proposition to reach equilibrium is 
to relieve the water shortage by utilizing regenerated wastewaters. Regenerated wastewater is 
water that after being used is treated and disinfected for subsequent re-use. As mentioned above, 
the industry sector uses approximately 20% of the total water ready for human use, most of it is 
used in cooling, washing or rinsing processes. In those cases, the utilization of regenerated 
wastewater is highly relevant.  Regenerated wastewater can be also an attractive proposition for 
agricultural water necessities. Both, the industrial and agricultural optimization of water, could 
contribute to the improvement of the environmental quality as well as to the improvement of 
public water supply. One example of innovative technology to regenerate wastewater is the so-
called Advanced Oxidation Processes (AOP) which can be optimised by combining with biological 
treatments.  
 
 
 The aim of this work is to bring new insights into the general problem of water quality 
improvement by finding new ways of treating water polluted with different herbicides. The work 
has been divided in four chapters: Introduction, Materials and Methods, Results and Discussion 

and Concluding Remarks.  

The Introduction reviews and describes the Advanced Oxidation Processes used in this 
work, the biological treatment, the natural interferences found in wastewater, and some different 
strategies used to assess the efficiency of the coupling of chemical and biological treatments. In 
addition, the environmental impacts associated to this strategy have been evaluated by means of 
Life Cycle Assessment methodology. Thus, a brief introduction to this environmental assessment 
tool has been also included. The Materials and Methods chapter has been added to the memory 
in order to facilitate repetition of the methods and guide further work in this field, as well as to 
allow the reader to understand all the experiments carried out. The Results and Discussion 
chapter is presented as a compendium of four publications.  
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Glossary of symbols and abbreviations 
 
 
 
A                    acceptor molecule; absorbance   
AEP                  Aquatic Eutrophication Potential   
AOP                  Advanced Oxidation Process   
AP                    Acidification Potential    
ARD                  Abiotic Resource Depletion   
ASM 1              Activated Sludge Model nº1   
b                       energy of Langmuir sorption constant (L·mg-1); path length (cm) 

BOD                 Biochemical Oxygen Demand (mg·L-1)  

C, c concentration 

CA                     TOC value in the test mixture three hours after the beginning of Zahn-Wellens test (mg·L-1) 

CAB                   TOC value of the blank measured three hours after the beginning of the  Zahn-Wellens test (mg·L-1)  
CAS                  Chemical Abstracts Service registry number  

CB                     TOC value of the blank at time of sampling in Zahn-Wellens test (mg·L-1) 

Cdesorbed            TOC concentration corresponding to the blank (mg·L-1)  

Ce                      equilibrium TOC concentration (mg·L-1)   
COD                 Chemical Oxygen Demand (mg·L-1)   

Co                   TOC content of HA in solution without biomass (mg·L-1) 

Csolution              TOC concentration in solution (mg·L-1)   

Csample               TOC concentration corresponding to the sample (mg·L-1) 

CT                     TOC value in the test mixture at time of sampling in Zahn-Wellens test (mg·L-1) 
D                       donor molecule    
DO                    Dissolved Oxygen (mg·L-1)   

Dt                      percentage of biodegradation    

E0                      Redox Potential (V)    

e-cb                    photoexcited electron in the conduction band  

EC50                  toxicity Effective Concentration (mg·L-1)   

Eg                      Band gap (eV)    
EI                      Electron Impact    
ESI                    Electro Spray Ionization    
EU                    European Union    
FATP                Freshwater Aquatic Toxicity Potential      
GS                    Gas Chromatography    
GWP                 Global Warming Potential   
h+vb                   hole in the valence band    
HA                    humic acid    
HILIC                Hydrophilic Interaction Liquid Chromatography     

HPLC High Performance  Liquid Chromatography    

HRT                  Hydraulic Retention Time (days)    



                                                                                                                           
 

 

HTP                  Human Toxicity Potential     

hν                     photon  
IC                      Inorganic Carbon; Ion Chromatography   
IC0                     control initial Luminescence Intensity    
IC15                   Luminescence Intensity after 15 minutes bacteria-control contact     

%INH                percentage of Inhibition   

IT0                     initial Luminescence Intensity 
IT15                    Luminescence Intensity after 15 minutes bacteria-toxic contact    
k                       reaction rate constant    

K                       equilibrium rate constant   

k1                      rate constant of first-order sorption (min-1) 
k2                      rate constant of second-order sorption (g·mg-1·min-1)    
KF                     Freundlich adsorption capacity (mg·g-1)    

Kow                    octanol-water partition coefficient   

L ligand  

LC                     Liquid Chromatography   

LC50                  Lethal Concentration    

LCA                  Life Cycle Assessment   
LMCT               Ligand to Metal Charge Transfer    
MAEP               Marine Aquatic Ecotoxicity Potential   
MRM                 Multi Residual Monitoring      
MS                    Mass Spectroscopy   
MW Molecular weight     
n                       Freundlich intensity constant     
NDIR                 Non-Dispersive Infrared gas analyzer    
NHE                  Normal Hydrogen Electrode 
NOM                 Natural Organic Matter    
NP-HPLC          Normal Phase High Performance Liquid Chromatography     
ODP                  Ozone Depletion Potential   
OUR                 Oxygen Uptake Rate (kg·m-3·s-1)   
OURendogenous OUR related to cellular maintenance (kg·m-3·s-1) 
OURexogenous OUR related to the consumption of organic matter (kg·m-3·s-1) 
OURherbicide       herbicide Oxygen Uptake Rate (kg·m-3·s-1)    
OURst               standard sample Oxygen Uptake Rate (kg·m-3·s-1)   
Ox                     oxidant species    
p.a                    pro analysis    

POP                  Photochemical Oxidation Potential  

PVC                  polyvinyl chloride  
pzc                   point of zero charge    
Q0                     maximum adsorption capacity Langmuir constant (mg·g-1)    
qe                      equilibrium sorption capacity (mg·g-1)   
qt                      adsorbed grams    



                                                                                                                           
 

 

RP-HPLC          Reverse Phase High Performance Liquid Chromatography     
Red                   reducing species    

So                      concentration of dissolved oxygen (mg·g-1) 

SBR                  Sequencing Batch Reactor   

Ss                      easy biodegradable substrate    
SRT Sludge Retention Time 
T                       temperature (oC) 
t                        time    
tc                       contact time (min)     

TC                     Total Carbon (mg·L-1)  
TEP                  Terrestrial Ecotoxicity Potential    

TOC                  Total Organic Carbon (mg·L-1)   
TSS                  Total Suspended Solids (g·L-1)    
UPLC                Ultra Performance Liquid Chromatography     

UV                    Ultraviolet radiation    
UVA                  Ultraviolet A radiation    
V                       volume   
VL                      volume of liquid phase (m3)   
VSS                  Volatile Suspended Solids (g·L-1)   
w                       weight    
WA                    weight of dried residue and dried filter (g)    
WB                    weight of dried filter (g)    
WC                    weight of residue and filter after ignition (g)     

WFD                 Water Framework Directive   
WWTP              Wastewater Treatment Plant     
Xh                      biomass   
Xp                      inorganic matter     
Xs                      hardly biodegradable organic matter     

λ                     irradiation wavelength (nm)   

ε                     molar absortivity (L·mol-1·cm-1)    
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1. Water pollution by herbicides and conventional wastewater 
treatments  

Plants are able to produce natural poisonous chemicals in order to prevent the attack of 
insects and predators. Based on this effect, a preventive strategy has been developed to take 
advantage of a more productive agriculture by using synthetic compounds. This preventive 
scheme is based on the general use of pesticides to avoid pests proliferation and on the specific 
utilization of herbicides to control non-desirable weeds. The employment of chemicals to control 
weeds started in 1932 with 4-6-dinitro-o-cresol [1]. Then, after the Second World War the industry 
based on the production of synthetic chemicals for crop protection appeared with the 
commercialization of 2,4-dichlorophenoxiacetic (2,4-D,1945) and 4-chloro-2-methylphenoxiacetic 
(MCPA,1946) acids [2]. After that, when the ureas (1950), the triazines (1955) and the 
bipyridiniums (1960) were available, the use of herbicides became a usual practice [1].  

Herbicides represent a risk factor for human health and the environment because they 
are difficult to degrade and toxic compounds that generally end up in aquatic sources, where they 
can persist for long periods. Apart from lixiviates coming from agricultural fields, a common 
source of highly polluted effluents containing herbicides are wastewaters from manufacturing 
plants and unused solutions coming from herbicide containers or agricultural equipment. 
Consequently, the remediation of water polluted with herbicides has received much attention in 
the last decades. Nonetheless, herbicides are only an example of anthropogenic pollution. In 
general, the material progress of modern societies has generated a vast range of toxic or non 
biodegradable compounds of synthetic nature, such as pharmaceuticals, personal care products, 
dyes, etc., that also contribute to increase the level of pollution in aquatic ecosystems [3].  

Fortunately, the increasing social and political concern about environment preservation 
has engendered a stricter water quality control by regulating hazardous pollutant emissions. 
Currently, in the European Union, Europe Directive 2000/60/CE [4] has stressed the necessity to 
adopt measures against water contamination in order to achieve a progressive reduction of 
pollutants by treating wastewater. 

Briefly, conventional wastewater treatments involve mechanical, biological, physical and 
chemical processes. After filtration and elimination of particles in suspension, biological treatment 
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is the most suitable method to eliminate organic matter from solution. Biological treatments are 
well recognized and relatively economical. Regrettably, as mentioned above a vast range of 
synthetic organic compounds are non biodegradable or toxic for which conventional wastewater 
treatment, based on a microbiological activity, is not feasible.  

Physical treatments include methods such as coagulation, flocculation, sedimentation, 
flotation, filtration, adsorption onto activated carbon, and air striping. These physical methods are 
losing acceptance since their main drawbacks are the transfer of pollutants from the liquid phase 
to a new phase instead of their elimination [5]. Thus, physical wastewater treatment methods 
require post-treatments to remove the pollutant from the newly contaminated environment, 
enhancing in this way operational costs and diminishing effective viability.  

Chemical treatments include the application of chlorine, chlorine dioxide, peracetic acid, 
and permanganate among others to oxidize organic matter. Nevertheless, occasionally the 
combination of oxidants with the original toxic compounds may generate more toxic substances 
that aggravate the environmental problem. Thermal methods, which can be also included in this 
classification, may imply high quantities of energy and can also release to the air more hazardous 
compounds [6]. Among the chemical processes, the so-called Advanced Oxidation Processes 
(AOPs) appear to be a promising field of study due to the effective complete mineralization of 
organic contaminants under mild conditions. Individual applications of AOP, combination of 
different AOPs and the combination of AOP with biological treatment have been proposed as 
effective and suitable methods for the remediation of wastewaters.  
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2. Advanced Oxidation Processes (AOPs) for wastewater 
treatment  

Advanced Oxidation Processes (AOPs) are chemical oxidation techniques able to 
produce in situ reactive free radicals, mainly the hydroxyl radical (HO·), by means of different 
reacting systems. The concept was originally established by Glaze et al. [7] as “oxidation 
processes which generate hydroxyl radical in sufficient quantity to affect water treatment”. As 
shown in Table 1.1, the standard redox potential of this powerful radical is very high when 
comparing with other reactants involved in wastewater treatments. Thus, HO· is a non selective 
oxidant that is able to oxidize a wide range of organic molecules with rate constants usually in the 
order of 106-109 M-1·s-1 [8, 9]. 

 

Table 1.1 Standard potential of several oxidant species [10]. 

Species 
E0 

(V vs NHE) 

HO· 2.80 
O3 2.07 

H2O2 1.78 
HO2· 1.70 
ClO2 1.57 
HOCl 1.49 

Cl2 1.36 
                                                                   (T=25 oC) 

 

Oxidation reactions that produce radicals tend to be followed by additional oxidation 
reactions between the radical and other species until stable oxidized products are formed. The 
oxidation reactions of hydroxyl radical with organic compounds are well known [8, 9, 10]. These 
are electrophilic reactions that occur principally by H abstraction from C-H, N-H, or O-H bonds, or 
by HO addition to C=C bonds or to aromatic rings (Equations 1.1-1.3). Also the hydroxyl radical 
can react with organic matter by electron transfer processes as seen in Equation 1.4.  
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 HO· + R-H → H2O + R· (1.1) 

                                                                                              

  

 

 

 HO· + RX → [RX]+· + HO- (1.4) 

At the end, the reaction of hydroxyl radical with organic pollutants leads to the complete 
mineralization to CO2 , H2O and minority inorganic ions as Cl-, NO3-, NH4+, SO42-, etc.  

When treating wastewater, it must be considered that besides organic matter in solution, 
inorganic ions are also present. These inorganic species can be initially contained in the 
wastewater as well as can be produced during the mineralization of organic pollutants. Therefore, 
these must be considered because when existing at relative high concentration, inhibition of 
pollutants abatement may be observed [11, 12, 13, 14]. This inhibition is probably due to a 
general scavenging of hydroxyl radicals apart from specific effects depending on each AOP 
system, as catalyst precipitation or adsorption onto the active sites of the heterogeneous catalyst 
(discussed later in the manuscript). Due to the high reactivity of hydroxyl radicals, they are able to 
react with inorganic ions in the media as Cl-, HCO3- and HPO42-, leading to the formation of anion 
radicals like [ClOH]-·, CO3-· and HPO4-· that are less reactive than the hydroxyl radical. This leads 
to a reduction of the efficiency of pollutants abatement, as said before. Moreover, natural organic 
matter (NOM) in solution, such as humic acids, may also act as hydroxyl radical scavengers. This 
effect will be discussed later in Section 5 of this introduction.  

Apart from these general undesirable scavenging effects, the complete mineralization of 
most of the organic matter is possible when the hydroxyl radical is the main oxidant species 
present in solution. This is one of the main advantages of this sort of processes since other 
chemical oxidation techniques mostly yield the partial oxidation of target compounds and, as 
explained before, the generation of new hazardous compounds is possible. Generation of small 

 

 (1.3) 

 
→ further reactions              

    (1.2) HO· + C=C → HO - C - C·HO· + C=C → HO - C - C·

· + →

H OH

·
HO

H OH

·· + →

H OH

·

H OH

·
HO

H OH

·

H OH

·
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amounts of residues, the applicability when there are low concentrations of pollutants, and the 
possibility of coupling with biological systems are other important advantages of AOPs [15, 16]. 
The possibility of coupling with biological systems is of special interest in order to solve the main 
disadvantage associated to all AOP, which is their high related operational cost when working as 
wastewater treatment [15].  

AOPs can be classified by considering the phase where the process takes place. Hence, 
homogenous or heterogeneous processes can be differentiated. AOPs classification can also 
consider the different possible ways of hydroxyl radical production. In this way, photochemical 
and non-photochemical processes can be distinguished. Table 1.2. classifies some of the most 
important AOPs into photochemical and non-photochemical processes. 

 

Table 1.2 Classification of some AOPs as photochemical and non-photochemical processes [16]. 

Non-photochemical processes Photochemical processes 

Ozonation in basic media (O3/ HO-) O3/UV (λ ≤ 320 nm) 

O3/H2O2 H2O2/UV (λ ≤ 300 nm)   

O3/Ultrasound O3/H2O2/UV (λ ≤ 320 nm) 

H2O2/Ultrasound Photocatalytic ozonation (λ ≤ 320 nm) 

Electron Beam Heterogeneous photocatalysis (TiO2/UV) (λ ≤ 400 nm) 

Fenton (Fe2+/H2O2) Water photolysis in ultravacuum (UVV) (λ ≤190) 

Electro-Fenton Photo-Fenton (Fe2+/H2O2/UV) (λ ≤ 550 nm) 

  Photoelectro-Fenton(λ ≤550) 

  

2.1. Photochemical Advanced Oxidation Processes 

Photochemical Advanced Oxidation Processes refers both, to AOPs that need photons to 
initiate the oxidation process, and non-photochemical AOPs that increase their efficiency when 
working with artificial or natural radiation. Photochemical AOPs are particularly appropriate when 
treating wastewater containing compounds that do not absorb the incoming radiation. Otherwise 
the quantum efficiency can decrease by competitive absorption when treating compounds with 
high absorbtivity. 
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The AOPs considered in this experimental work are photo-Fenton, TiO2-photocatalysis, 
ozone/UV, photo-Fenton/ozone and, finally TiO2-photocatalysis/ozone. As seen in Table 1.2, 
these photochemical processes require radiation of wavelengths higher than 300 nm. Since the 
natural solar radiation arriving to the earth´s surface comprises wavelengths from 300 to 3000 nm, 
their direct use as photon source has been already recognized [17, 18, 19]. The production of 
artificial light is highly-priced, thus the operational costs associated with these processes can be 
substantially reduced by using sunlight as the driving force. The reduction of operational cost by 
using natural solar light is a general advantage of all the AOPs described in this work [15], 
although the superior efficiency of the photo-Fenton reaction in most of the research in this field 
has been previously demonstrated [20].  

The first part of this thesis compares the mineralization efficiency of photo-Fenton, TiO2-
photocatalysis, ozone/UV, photo-Fenton/ozone, and TiO2-photocatalysis/ozone for the 
degradation of some specific herbicides in aqueous phase (i.e., publications 1 and 2). The rest of 
the work has been based on the photo-Fenton process (i.e., publications 3, 4, and unpublished 
results presented in Annexe 1). For that reason the photo-Fenton process has been more 
extensively described in this introduction.  

 

2.1.1. Photo-Fenton process 

The so-called photo-Fenton process involves the reaction of ferrous ions (catalyst) and 
hydrogen peroxide (oxidizing agent) under UV/visible radiation to form active oxidant species, 
mainly hydroxyl radical, which oxidize organic compounds when they are present in aqueous 
solution.  

Compared to other oxidants, hydrogen peroxide is not expensive, not dangerous, easy to 
handle and poses no lasting environmental threat since it readily decomposes to water and 
oxygen. In addition, iron is also reasonably priced, safe and environmentally friendly because iron 
is the second most abundant metal and the fourth most abundant element on the earth after 
oxygen, silicon and aluminium [21]. Such an easy and economical mode to generate hydroxyl 
radicals has promoted this oxidation method for wastewater treatment. Another important 
advantage of the photo-Fenton process is the inexistence of mass transfer limitations due to its 



                                                                                                      CHAPTER 1 -Introduction- 
 

 - 9 - 

homogeneous catalytic nature. The most important drawback of the photo-Fenton process, as 
explained later, is the necessity of pH adjustment.  

 

2.1.1.1. Principles of photo-Fenton chemistry 

Dark reactions (Fenton and Fenton-like processes) 

At the end of XIX century, Henry J. Fenton reported that H2O2 could be activated by iron 
salts to oxidize tartaric acid [22]. After that, in 1934 Haber and Weis [23] proposed that, under 
dark conditions, the hydroxyl radical was responsible for this oxidation process according to 
Equation 1.5.  

 Fe2+ + H2O2 → Fe3+ + HO- + HO· k=40-80 M-1·s-1   (1.5) 

This reaction is known as the Fenton process and the bimolecular rate constant of 
Fenton reaction in acidic solutions at 25 oC was later assigned by different researchers [24, 25]. 
After production, hydroxyl radicals can be scavenged by reacting with another Fe2+ (Equation 1.6) 
or they may react with an organic compound as explained in Section 2 (Equations 1.1-1.4). 

 Fe2+ + HO· → Fe3+ + HO- k=2.6-5.8·108 M-1·s-1   (1.6) 

Since the Haber and Weis report, different efforts have been made to understand the 
complete chemistry of the Fenton processes. Although controversy about the real mechanism of 
Fenton reaction is still present, this introduction attempts to give a brief overview of the most 
important contributions to the chemistry of this process. Two main reaction pathways were first 
proposed in the literature. In 1951, Barb et al. [26, 27], supporting the Haber-Weis theory, 
reported a radical mechanism for the decomposition of H2O2 in acidic solution in the dark and in 
the absence of organic matter. In 1959 Kremer and Stein published some works based on an 
ionic mechanism [28, 29]. In 1975 Walling published a paper which proved the radical mechanism 
in acidic media [30]. More recently, some authors have reported that the hydroxyl radical is not 
the only oxidizing agent, but also some type of high-valent iron-oxo intermediates, mainly ferryl 
ion (Fe4+), are responsible for the direct attack to organic matter [31, 32]. Indeed, the difficult 
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analysis of the oxidant species involved in this complex process has impeded the determination 
of a unique degradation pathway. Nevertheless, the evidence of a high yield of organic matter 
mineralization seems to indicate that the most important oxidant species is the hydroxyl radical. 
The traditional accepted radical mechanism for the Fenton reaction is shown through Equations 
1.5 to 1.13 [21] where the listed rate constants have been reported by Sychev and Isaak [33]. 
Concerning this mechanism, it must be noted that the most abundant iron species in water are 
ferric (Fe3+) and ferrous (Fe2+) ions. In absence of other complexing substances, these ions form 
octahedral complexes with six water or hydroxide ligands, depending on the pH [34]. For 
simplicity, through the mechanism, Fe2+ and Fe3+ are taken to represent all species present in 
solution for each oxidation state and ligands have been omitted.  

 Fe2+ + H2O2 → Fe3+ + HO- + HO· k=40-80 M-1·s-1   (1.5) 

 Fe2+ + HO· → Fe3+ + HO- k=2.6-5.8·108 M-1·s-1   (1.6) 

 Fe3+ + H2O2 → Fe2+ + HO2· + H+ k=1-2·10-2 M-1·s-1   (1.7) 

 Fe2+ + HO2· → Fe3+ + HO2- k=0.72-1.5·106 M-1·s-1   (1.8) 

 Fe3+ + HO2· → Fe2+ + O2 + H+ k=0.33-2.1·106 M-1·s-1   (1.9) 

 HO· + HO· → H2O2 k=5-8·109 M-1·s-1 (1.10) 

 HO· + H2O2 → HO2· + H2O k=1.7-4.5·107 M-1·s-1 (1.11) 

 HO2· + HO2· → H2O2 + O2 k=0.8-2.2·106 M-1·s-1 (1.12) 

 HO· + HO2· →  H2O + O2 k=1.4·1010 M-1·s-1 (1.13) 

Equations 1.7 and 1.9 are also called Fenton-like reactions. The Fenton-like process 
generates ferrous ion which in the presence of excess of H2O2 is readily transformed giving ferric 
ion [35]. Nevertheless, this process is the rate limiting step in the catalytic iron cycle. Thus, the 
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iron cycling takes place, with approximately constant ferric ion concentration, traces of ferrous ion 
and a constant hydroxyl radical production. 

Moreover, as explained in the previous section, in the presence of organic matter the 
electrophilic reaction of hydroxyl radical with organic compounds leads to the formation of organic 
radicals (Equations 1.1-1.3) that can also react either forming dimers, or with ferrous and ferric 
ions as follows [21] 

 2R· → RR (dimer) (1.14) 

 R· + Fe2+ → R- + Fe3+ (1.15) 

 R· + Fe3+ → R+ + Fe2+ (1.16) 

On the other hand, a direct reaction between iron species and some specific compounds 
providing an alternative Fenton-like pathway, has been observed. It has been reported that 
quinones or hydroquinones structures react with ferric ion through Equations 1.17 and 1.18 [36]. 
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This reaction between ferric ion and quinones is of special interest to this work because 
they are generally generated along the mineralization process of aromatic compounds before ring 
opening (the herbicides selected for this study are aromatic compounds). 

Considering pH operational conditions, the Fenton-like reaction is pH-dependent, 
contrary to what happens with the Fenton reaction. When pH increases more than 2.5-3.5, 
depending on the iron concentration and temperature, the ferric ion precipitates in amorphous 
ferric oxyhydroxides forming a red brown sludge that can co-precipitate organic compounds and 
that produces technological troubles [37]. For that reason, the optimum pH for the Fenton process 
has been determined as slightly below 3.  

 

Photoassisted reaction (photo-Fenton process) 

Ferric ion complexes at pH below 3 are highly photoactive. These complexes undergo 
ligand-to-metal charge transfer (LMCT) excitation, to give ferrous ion and an oxidized ligand as 
follows [38, 39] 

 Fe3+ (L-)n + hν → Fe2+ (L)n-1 + Lox· (1.19) 

This is the base of the so-called photo-Fenton process that typically gives faster rates 
and a higher degree of mineralization than the Fenton reaction. This efficiency increase is 
explained because the reduced ferrous ion needed in the Fenton reaction is recovered and reacts 
with the hydrogen peroxide in excess to produce more HO· (Equation 1.15) and because 
oxidation of the ligand may lead to further degradation of target compounds [35, 40]. Specifically, 
at pH below 3, in absence of other ligands, the most abundant Fe3+-hydroxy complex present in 
solution is Fe(HO)2+ which absorbs radiation from 300 nm until 410 nm, decomposing as shown 
in Equation 1.20 [35]. In this way, pH=2.8 has been recurrently proposed as optimum pH for the 
photo-Fenton reaction [32, 35]. 

 [Fe(HO)]2+ + hν → Fe2+ + HO· (1.20) 
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When other ligands, different from hydroxyl-ligands, are present in solution ferric ion can 
also form complexes and undergo photoreduction. Indeed, the Fe3+-complex has different light 
absorption properties depending on the ligand. Therefore, photoreduction may take place with 
different quantum yield and at different wavelengths. One example to be noted is the complexing 
of ferric ion with carboxylic acids because the latter are generally by-products generated during 
the mineralization process. Fe3+-oxalate complex is a well known photoactive example that has 
been commonly used as a chemical actinometer [41]. This complex has much higher quantum 
yields than Fe3+-hydroxo complexes, thus it is more efficiently photodegraded under visible 
radiation (up to 550 nm) regenerating ferrous ion through Equation 1.21 [42]. In fact, the addition 
of oxalate has been often proposed to increase the photo-Fenton efficiency as a degradation 
process [43]. 

 [Fe(C2O4)3]3-  + hν → Fe2+  + 2C2O42-  + C2O4-· (1.21) 

Fenton and photo-Fenton reactions are inhibited by inorganic ions. Although the effect of 
hydroxyl radical scavenging by some inorganic ions has been highlighted in the previous section, 
the effect of inorganic ions presence when using Fenton related processes must be considered in 
more detail. In particular, ferric ion forms complexes with phosphate that are quite insoluble in 
neutral or mildly acidic solution [12]. Moreover, sulphate, chloride and fluoride inhibit the process 
because these ions reduce the reactivity of ferric ion through coordination to form less reactive 
complexes [12, 21, 26, 35, 44].  

Finally, much effort has been done to determine the optimum reactants concentration 
ratio when mineralizing organic matter by means of the photo-Fenton reaction. Typical ranges are 
1 part iron per 5-25 parts of hydrogen peroxide (w/w) [45]. This imprecise information about 
operational conditions of photo-Fenton reaction is a result of the undefined pathway involved in 
the process depending on the nature of the ligands and reactive species, as commented before. 
Moreover, the optimum reactant ratio depends on the specific features of the system, such as the 
reactor design and the light source characteristics. Thus, an optimization process must be always 
considered because an excess of reactant concentration may inhibit the mineralization process. 
Apart from the direct reaction between ferrous ion and hydroxyl radical (see Equation 1.6), when 
considering the Fe4+-oxo intermediate, a reaction between the excess of ferrous ion with ferryl ion 
that interferes with the formation of the hydroxyl radical has been proposed [46] 
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 H2O2  + Fe2+ → [FeO]2+  + H2O (1.22) 

 [FeO]2+ + Fe2+  + H+ → [Fe(HO)]2+  + Fe3+ (1.23) 

 [Fe(HO)]2+  + H+ → Fe3+ + H2O (1.24) 

Furthermore, the presence of en excess of H2O2 would deplete the valuable hydroxyl 
radicals by forming HO2· that are less reactive than the former (Equation 1.11) [47].  

 

2.1.1.2. Application of photo-Fenton to wastewater treatment 

Although the Fenton reaction was discovered in 1894 [22], until the beginning of the 
1990s only few examples of its use as a wastewater treatment were suggested [48]. From then, 
the number of scientific articles on applications of Fenton and photo-Fenton chemistry to 
wastewater treatment has increased exponentially over the years.  

Among the main applications of this degradation system, the treatment of waste streams 
from dye manufacture [47, 49] and paper pulp bleaching effluents have been widely studied [50, 
51]. The elimination of toxic and non biodegradable herbicides has been also considered as a 
response to the necessity of the elimination of this kind of persistent compounds mainly in the 
industrial manufacturing or for the treatment of unused solutions [52, 53, 54]. The treatments of 
wastes generated at wine distilleries [55], olive mill production plants [56], landfill leachates [57], 
surfactants [58], photographic developer wastes [59], and many other industrial activities whose 
effluent wastes contain toxic or non biodegradable compounds, have been studied and reported 
during the last two decades. 

Despite the great deal of work devoted to these processes, scanty indications have been 
found about their industrial applications [15]. Nevertheless, a first commercial wastewater 
treatment plant, based on a solar photo-Fenton process, devoted to the removal of herbicides 
from polluted effluents when recycling herbicides containers has been installed in Spain [60].  
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The main drawbacks of Fenton and photo-Fenton as a wastewater treatment system are 
mainly related to the need for pH control and the problem of sludge generation, as explained 
before. In order to solve these weaknesses, Fenton and photo-Fenton modified technologies 
where iron is used as heterogeneous catalyst, have been developed [61, 62, 63].  

 

2.1.2. Other Advanced Oxidation Processes 

2.1.2.1. Heterogeneous photocatalysis 

Heterogeneous photocatalysis involves the process taking place at the interfacial 
boundary between a catalyst surface and a liquid media. The catalyst used in this process 
generally is a solid semiconductor whose irradiation promotes the generation of radical species, 
mainly hydroxyl radical, capable of mineralizing the organic pollutants present in wastewaters. 

Among the different semiconductors reported in the literature, TiO2 is the most stable, 
efficient and promising material. TiO2 exists mainly in two natural different crystal structures: rutile 
and anatase. Both structures consist of titanium centres surrounded by six oxygen atoms that 
occupy the corners of TiO6 distorted octahedrons, and differ by the distortion of each octahedron 
and by the assembly model of the octahedral chain [64], as seen in Figure 1.1.  

 

 

 

 

 

 

  

Figure 1.1. Bulk structures of rutile and anatase polymorphs [65] 
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The commercial catalyst TiO2 Degussa P-25, which has a particular allotropic form 
consisting of 80% anatase and 20% rutile, is considered as a standard material for photocatalysis 
[66]. This catalyst gives the best results in pollutants mineralization, mainly as a result of 
synergistic effects in the interaction between the two different polymorphs [67].   

Besides near UV radiation for the activation of the economical and non toxic TiO2, the 
system only needs water and oxygen for the production of hydroxyl radicals, therefore the 
addition of new oxidants to the reaction bulk is not necessary. In addition, it can work at both acid 
and basic pH conditions and can be reused although its progressive deactivation has been 
observed [68]. Regrettably, apart from the deactivation process, the main drawback associated to 
this process is the low quantum yields of light adsorption and the low efficiency when comparing 
with other AOPs [66]. Furthemore, the secondary operations required (filtration or coagulation) 
when recovering the catalyst after use, are another important drawback of this method. A 
possible solution is the fixation of the catalyst onto some inert substrate. Unfortunately, several 
problems like mass transfer limitations, decrease of photocatalytic process performance, and 
higher incidence of catalyst deactivation phenomena appear with such a catalyst configuration 
[69].  

 

2.1.2.1.1. Principles of heterogeneous TiO2-photocatalysis chemistry 

Fujishima and Honda marked the beginning of a new era in heterogeneous 
photocatalysis when they discovered in 1972 the photocatalytic splitting of water on TiO2 
electrodes [70]. Then, Carey et al. [71] reported the photocatalytic degradation of biphenyl and 
chlorobiphenyls in the presence of titanium dioxide. Since then, many applications using the 
TiO2/UV process have been investigated.  

As explained above, in general heterogeneous photocatalysis implies the utilization of a 
semiconductor. This kind of material can act as sensitizer for light-induced redox processes due 
to its electronic properties [72]. It means that the catalyst absorbs a photon and, after excitation, 
interacts with the ground state of an adsorbed compound. To fully understand the properties of 
semiconductors it is necessary to describe the band theory. In this theory, at 0 K, a perfect crystal 
of a semiconductor material possesses a group of very close and filled electronic states (valence 
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band), a void energy region where no energy levels are available and, at higher energies, another 
group of close and empty electronic states (conduction band). The void region which extends 
from the top of the filled valence band to the bottom of the vacant conduction band is called the 
band gap (Eg). When TiO2 is photoexcitated with radiation having energy equal to or greater than 
Eg, an electron is promoted from the valence band to the conduction band, thus a conduction 
band electron (e-cb) and a valence band hole (h+vb) pair are generated (Equation 1.25). TiO2 band 

gap energy is estimated as 3.23≥Eg≥3.02 eV, depending on its allotropic form, thus the process 

requires irradiation of wavelengths below 400 nm [73].  

 TiO2  + hν → h+vb  + e-cb (1.25) 

After the generation of the electron-hole pair, the charge carriers either recombine in the 
bulk of the particle with the release of heat (non irradiative process), or migrate to the particle 
surface where they can also recombine or can react with adsorbed substances according to the 
redox potential of each adsorbate. If the redox potential is appropriate for a thermodynamically 
allowed reaction, an electron transfer proceeds towards acceptor molecules (A), whereas a 
positive photohole is transferred to a donor molecule (D) as shown in Figure 1.2.   

 

 

 

Figure 1.2. Schematic photoexcitation in a TiO2 particle followed by deactivation events [19] 
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Figure 1.3.  attempts to give more detailed information about the processes that take place in the 
surface of the TiO2 catalysist. 

 

 
Figure 1.3. Time domains of the electron transfer processes involved in TiO2 heterogeneous photocatalysis [66] 

 

As seen in Figure 1.3, the recombination of electrons and holes occurs quickly (i.e., 100 
ns for electron recombination and 10 ns for hole recombination).  If a recombination process does 

not occur, the captured electrons remain as >Ti(III) or as >Ti(III)OH and the holes remain as 

>Ti(IV)-OH+·. Under conventional operating conditions (i.e., aerobic conditions), the electron 

reduces adsorbed O2(ads) to the superoxide radical anion O-2·(ads) [72]. The reduced species may 
experience further electron transfer processes or chemical reactions, involving water and 
pollutant species over the surface or, otherwise, in the bulk of the solution, after undergoing 
desorption [74].  

On the other hand, there are two mechanisms coexisting for the oxidation of organic 
matter. The first one involves the direct oxidation of adsorbed organic matter by a valence band 
hole (h+) to produce the corresponding organic radical [75], while the second assumes the 

Charge-carrier trapping                                            Characteristic times 
 
e-cb + >Ti(IV) → >Ti(III)                                                      10 ns 
e-cb + >Ti(IV)OH  >Ti(III)OH                                          100 ps 
h+vb + >Ti(IV)OH → >Ti(IV)OH+·                                       10 ns 
 
Charge-carrier recombination 
 
e-cb + >Ti(IV)OH+· → >Ti(IV)OH                                      100 ns 
h+vb + >Ti(III)OH → >Ti(IV)OH                                           10 ns 
 
Interfacial charge transfer 
 
>Ti(IV)OH+· + D → >Ti(IV)OH + D+·                              100 ns 
e-tr + A → >Ti(IV)OH + A-·                                          very slow (ms) 



                                                                                                      CHAPTER 1 -Introduction- 
 

 - 19 - 

generation of hydroxyl radicals from adsorbed hydroxyl groups or water molecules. After that, the 
organic species can react with the hydroxyl radical either at the catalyst surface or in the solution 
bulk [66]. This mechanism is efficient when electron-hole recombination process is minimised. 
The role played by molecular oxygen in the reduction of this recombination is well known since 
oxygen is an efficient conduction band electron trap [19].  

The pH influences the surface properties of the semiconductor. For TiO2, at pH higher 
than approximately 6 the surface becomes negatively charged and the opposite for pH lower than 
6. At pH of about 6 (the point of zero charge -pzc-) the catalyst surface is, on average, neutral 
[76]. Although changes in the rate of photocatalyitc activity from one end of the pH range to the 
other are usually small [77], the adsorption properties change depending on the experimental 
conditions. Thus, the photocatalytic reaction rate of target compounds can be substantially 
altered due to ions sorption to the active sites of the catalyst [78].  

Finally, the rates of heterogeneous photocatalytic degradation processes normally 
increase with the catalyst loading until a certain upper limit where the whole catalyst surface is 
illuminated. The optimum catalyst loading value depends on the particular characteristics of the 
photocatalytic system, like the reactor design or the type of light source. Nevertheless, this value 
generally is comprised within the range 0.8 and 2.5 g·L-1 [68]. 

 

2.1.2.2. Ozonation 

Ozone, which is generally produced in situ by a high-voltage electric discharge process in 
presence of air or oxygen, is a powerful oxidant (electrochemical oxidation potential of 2.07 V vs 
NEH opposed to 2.8 V vs NEH for hydroxyl radical). The chemistry involved in the formation of 
ozone is represented as follows 

 O2 + energy → O· + O· (1.26) 

 O· + O2 → O3 (1.27)   
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 The mechanism of the reaction between ozone and dissolved organic substances has 
been described by Hoigné and co-workers [11, 79, 80]. Briefly, two mechanisms of attack of 
ozone to the organic molecule can be distinguished in water depending on the pH: a slow, direct 
and highly selective attack of molecular ozone takes place at low pH (generally with molecules of 
high electronic density), whereas free radicals from ozone decomposition react fast and non-
selectively at high pH. The AOP definition implies the presence of hydroxyl radicals, thus ozone is 
considered as an AOP when working at high pH. At this pH, hydroxyl radicals are generated by 
means of reaction between O3 and HO- ions as follows [80, 81, 82]. Kinetic constants have been 
measured at 20 oC. 

 O3 + HO- → O2 + HO2-  k=70 M-1·s-1 (1.28) 

 HO2- + O3 → HO· + O-2· + O2 k=2.8·106 M-1·s-1 (1.29)     

 O-2· + O3 → O-3· + O2  k=1.6·109 M-1·s-1 (1.30)      

 pH≤ 8  O-3· + H+  HO3· (1.31) 

 HO3· → HO· + O2  k=1.4·105 M-1·s-1 (1.32) 

 pH≥ 8  O-3·  O-· + O2 ( 1.33) 

 O-· + H2O → HO· + HO- k=108 M-1·s-1 (1.34) 

 HO· + O3 → HO2· + O2 k=108-2·109 M-1·s-1 (1.35)  

Due to its high reactivity towards microorganisms and dissolved organic matter, ozone 
has been widely used for disinfection and purification of water [82]. Although ozone technology 
for water treatment is well established and proven, the production of this oxidant requires large 
amounts of electrical energy and initial economic invesment (i.e., the ozonisator, the abatement 
system for residual ozone and in general the construction materials to prevent corrosion). Thus, 
the high operational costs generally associated to this process are the main drawback of this 
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technology [15]. Moreover, phase mass transfer limits its efficiency, and diffusers, venturis, and 
contact towers are required [83]. Another important disadvantage of ozonation is the high 
ozone/product required ratio (i.e., 5:1 [16]) for the achievement, when possible, of a complete 
mineralization process. Also, low degradation rate constants are obtained when treating some 
specific compounds such as acids, alcohols and low molecular weight organochlorine compounds 
[84, 85].  

In order to provide larger ozonation efficiency, as well as to optimize economic 
requirements, new methods such as the hydrogen peroxide addition to the ozone system, 
irradiation with ultraviolet light or both have been investigated. Moreover the combination of 
ozone with other AOPs like heterogeneous photocatalysis and photo-Fenton have been also 
proposed, and will be discussed later. 

 

2.1.2.2.1. Principles of ozone/UV chemistry 

In order to increase the hydroxyl radical production in the ozonation system, the 
irradiation with UV light was explored by Peyton and Glaze [86]. The radiation with UV light to 
aqueous ozone solution produces hydrogen peroxide as follows 

 O3 + hν + H2O → H2O2 + O2 (1.36)      

H2O2 is a weak acid, powerful oxidant and unstable compound that initiates the 
decomposition of ozone by means of a chain mechanism which is represented as follows [87, 88].  

 H2O2   HO-2 + H+ (1.37) 

 HO-2 + O3 → O-3 + HO2· k=2.8·106 M-1·s-1 (1.38) 

 HO2·  O2 - + H+ (1.39) 

 O2-· + O3 → O3-· + O2 k=1.6·109 M-1·s-1 (1.40) 
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 O3-· + H+  HO3· (1.41) 

 HO3· → HO· + O2 k=1.4·105 M-1·s-1 (1.42) 

 O3 + HO· → O2 + HO2· k=1.1·105 s-1 (1.43) 

 

Ultraviolet lamps must emit radiation at 254 nm for an efficient ozone photolysis [87]. 
Nevertheless, the ozone spectrum is extended over 330 nm (see Figure 1.4), thus the possibility 
of using a less energetic lamp can be considered. Indeed, previous research has demonstrated 
that ozone photolysis may occur until 320 nm by means of a UVA-black light lamp or natural solar 
radiation [18]. 
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Figure 1.4. Ozone absorption spectra [89] 

 

Apart from ozone/UV or ozone/H2O2 combination, the coupling of ozone with photo-
Fenton or TiO2-photocatalysis can efficiently increase the mineralization yield of the oxidation 
process. This effect is explained in the following sections. 
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2.1.2.2.2. Principles of photo-Fenton/ozone chemistry 

As explained in the previous section, ozonation achieves limited mineralization of organic 
compounds when used as a wastewater treatment. In 1972 Hewes and Davinson reported that 
the presence of Fe2+, Mn2+, Ni2+ or Co2+ sulphate during ozonation of wastewaters induced an 
increase of TOC removal as compared to single ozonation [90].  

The efficiency increase in the mineralization process when coupling photo-Fenton and 
ozone systems is entirely due to the increase in hydroxyl radical generation. When 
Fe2+/H2O2/UV/O3 is applied as wastewater treatment, different reactions occur in the solution bulk. 
On one side, H2O2/UV/O3 increases the production of hydroxyl radical by means of a chain 
reaction mechanism following Equations 1.36 to 1.43 as explained in Section 2.1.2.2.1. On the 
other hand, production of hydroxyl radicals by the photo-Fenton reaction can also occur as 
explained in Section 2.1.1.1. 

Moreover, ferrous ion is oxidized by ozone. Different mechanisms of oxidation of ferrous 
ion to ferric ion by ozone have been reported. A first mechanism was proposed by Hart et al. [91]. 
This mechanism described the transference of an electron from the reduced metal to ozone, 
forming ferric ion and the radical ion O-3 and then the formation of hydroxyl radical. Afterwards, 
Nowell and Hoigné [92] suggested that the hydroxyl radical was not an intermediate in the 
reaction of ferrous ion with ozone and assumed a mechanism involving an oxygen-transfer from 
ozone to ferrous ion. More recently, Logager et al. [93] based on those previously proposed 
mechanisms suggested that in acidic solutions ferrous ion directly reacts with O3 to generate the 
intermediate [FeO2+]. This species evolves to hydroxyl radical as follows. Kinetic constants are 
measured at 25 oC. 

 Fe2+ + O3 → [FeO]2+ + O2 k= 8.2·105 M-1·s-1 (1.44) 

 [FeO]2+ + H2O → Fe3+ + HO· + HO-  k= 1.3·10−2 s−1 (1.45) 

This mechanism has been used to describe the organic matter mineralization increase 
detected when using the coupled photo-Fenton/ozone system in publication 1. 
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2.1.2.2.3. Principles of TiO2-photocatalysis/ozone chemistry 

Another alternative to increase the production of hydroxyl radicals in the ozonation 
system is photocatalytic ozonation by adding TiO2 to the solution and irradiating with UV light.  

The TiO2-photocatalysis combined with ozone can increase the rate of mineralization due 
to the increment of hydroxyl radicals production. When TiO2/UV/O3 is applied as wastewater 
treatment, different reactions occur in the solution bulk. On one side, UV/O3 increases the 
production of hydroxyl radical by means of a chain reaction mechanism following Equations 1.36 
to 1.43 as explained in Section 2.1.2.2.1. On the other hand, production of hydroxyl radicals may 
occur by the reaction of adsorbed H2O molecules with the photogenerated holes at the 
illuminated TiO2 particle as explained in Section 2.1.2.1.1. [94].  

Finally, the synergistic effect of combining both techniques must be considered. Different 
mechanisms have been proposed in the literature. The first one, proposed that adsorbed O3 
molecules can react with photogenerated electrons at the TiO2 particle as follows [95] 

 O3 + e- → O-3· (1.46) 

 O-3· + H+ → HO· + O2 (1.47) 

In consequence, the presence of dissolved ozone in the irradiated TiO2 aqueous 
suspensions decreases the electron-hole recombination (see Section 2.1.2.1.1.), increasing the 
efficiency of the photocatalytic process [94]. This mechanism has been used to explain the 
increase of TOC removal when reporting the elimination of herbicides in publication 1. 

 More recently, Kopf et al. [96] proposed an electron transfer from TiO2 to the oxygen 
molecule to form O-2· radical, then this radical reacts with ozone to give HO· radicals as follows 

 O3 + O-2· → O-3· + O2 (1.48) 

 O-3· + H+ → HO· + O2 (1.49) 
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In conclusion, as explained for photo-Fenton/ozone, the efficiency of TiO2-
photocatalysis/ozone is increased due to an enlargement of the hydroxyl radical production. 
Nevertheless, both coupled technologies still have disadvantages related to the high operational 
costs involved in ozonation.  

 

2.1.2.3. Application of other AOPs to wastewater treatment 

Many applications of AOPs for the treatment of wastewaters have been reported in the 
literature since the late 1980s when this nomenclature was established by Glaze et al. [7]. 
Illustrative examples of photo-Fenton application to wastewater treatment have been shown in 
Section 2.1.1.2. The last publications concerning TiO2-photocatalysis and ozonation as 
wastewater treatments include the remediation of wastewaters polluted with dyes [97, 98], 
pesticides [53, 73], pharmaceuticals [99], etc. Also the treatment of wastewater from olive mills 
[56, 100] and from paper industry by means of AOPs has been reported [51, 101]. Beyond the 
mineralization of chemical pollutants in wastewater, ozone has been extensively used to kill 
bacteria and other microorganisms. More recently TiO2-photocatalysis has been used to produce 
the same effects with remarkable success [102]. In particular, it is noteworthy the use of TiO2 to 
eliminate pathogenic agents in water sources from sunny regions of isolated rural communities of 
less-favoured countries, where the required equipment to produce ozone is not available [103].  

The integration between ozone and photo-Fenton or TiO2-photocatalysis is currently 
under discussion and fewer applications are reported. These are mainly related to the treatment 
of cellulose bleaching effluents [104], textile effluents [105, 106] and water containing short chain 
organic acids [107]. The success of more economical and sustainable technologies for 
wastewater treatment, such as photo-Fenton and TiO2-photocatalysis, has eclipsed the 
development of such combined technologies.   
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3. Biological wastewater treatment 

Biological treatment is the most common, economically and environmentally attractive 
method used for wastewaters remediation in comparison with other physical and chemical 
treatments [5]. There are two main categories of conventional microbial-based systems for the 
remediation of wastewater: aerobic and anaerobic treatment [108]. The former is completed in the 
presence of oxygen whereas the anaerobic treatment is executed in absence of oxygen. This 
work is based on aerobic wastewater treatments since it is the most rapid, easy to carry out and 
effective degradation method for the majority of pollutants [109].   

 

3.1. Principles of aerobic biological wastewater treatment 

Aerobic wastewater treatments are primarily based on the bacteria´s capability of 
assimilating biodegradable organic matter present in a polluted effluent.  

Bacteria can be classified on the basis of the way they obtain carbon for their 
development. Autotrophic organisms obtain carbon from inorganic sources, whereas 
heterotrophic organisms require organic matter as a food source. Most heterotrophic organisms 
obtain energy through the use of energy stored in chemical bonds, while autotrophic bacteria can 
also obtain energy from the light through photosynthesis. Thus, autotrophic bacteria can be 
classified as chemotropic and phototrophic, respectively [110].   

Among the different variants of aerobic wastewater treatment, activated sludge process is 
the most popular biological treatment [108]. The concept is simple and configuration consists of 
an aerated reactor where microorganisms grow by assimilating the contaminants in the 
wastewater. The solids are settled out in a separated clarifier or in the same reactor, depending 
on the configuration (explained later in the text), and are re-used to consume more contaminants. 
The complex microbial community used in this process is known as activated sludge and is 
mainly composed of aerobic heterotrophic bacteria. Their mean chemical composition can be 
considered as C8H15O4N [111], although other formulas have been estimated in the literature [110, 
112]. Aerobic heterotrophic bacteria obtain carbon and energy as a result of oxidative processes 
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of organic matter in the presence of oxygen leading to the growth of the microbes and the release 
of oxidized products. This process can be represented through Equations 1.50 and 1.51 [110].  

 Organic matter + O2 + bacteria → CO2 + H2O + other oxidized products + energy (1.50) 

 Organic matter + bacteria + energy → new bacteria cells  (1.51) 

In absence of organic matter, bacterial oxygen consumption continues as a result of a 
progressive auto-oxidation process of the cellular mass known as endogenous respiration. To 
explain this phenomenon, different models of general active sludge behaviour have been defined 
by the International Water Association (IWA). Figure 1.5 shows a simple approximation of the 
activated sludge behaviour that is known as Activated Sludge Model nº1 (ASM 1) [113].  

 

 

 

 

 

 

 

Figure 1.5. Activated Sludge Model nº1 for activated sludge [113] 

 

As seen in Figure 1.5, once the biomass dies, it is divided into inert organic matter (Xp) 
and biodegradable organic matter (Xs) that after hydrolysis can be used endogenously for the 
cellular maintenance through the above process known as endogenous respiration. Nevertheless, 
the amount of biomass generated by means of endogenous respiration is lower that the amount 
of dead biomass. For that reason, the biomass population will disappear in absence of organic 
substrate [114].  
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Although activated sludge is mainly composed of aerobic heterotrophic bacteria, fungus, 
protozoa and other minority microorganisms can also be present. In addition, a limited number of 
autotrophic microorganisms exist in the consortia that obtain energy by oxidizing ammonia to 
nitrate in a process known as nitrification [110]. 

Apart from organic matter, oxygen, and nitrogen, microorganisms also require a range of 
nutrients to grow such as phosphorous and trace elements (i.e., mainly potassium, sodium, 
calcium, magnesium, chloride and iron). Otherwise, the cellular growth can slow down or stop. 
These elements must be present at a given ratio in order to give a suitable growth. Many 
industrial effluents are nutrient deficient, thus mainly nitrogen and/or phosphorous must be added. 
The ratio at which nutrients should be supplied is contentious, with COD : N : P ratios of 
100 : 20 : 1 [115], 250 : 7 : 1 [116] and 100 : 10 : 1, and trace sulphur [117] quoted in the 
literature. 

Beyond nutrient requirements, other factors can affect the effectiveness of biological 
treatment such as the nature of organic matter and the environmental conditions. The information 
about the former is essential since toxic and non biodegradable compounds can not be 
assimilated by the biomass without the presence of specific previously adapted microorganisms 
[118]. On the other hand, pH and temperature are other environmental factors affecting 
biodegradability. Moreover, metabolic reactions occur faster at optimum pH, usually defined as 6-
8, and optimum temperature defined between 25 and 33 oC [108]. 

As mentioned previously, in the activated sludge process, organic matter is removed from 
solution by biological metabolism, oxygen is consumed by the organisms and new cell mass is 
synthesised. Based on an average data that cover a large variety of wastewater substrates, an 
excess sludge production of 0.55 mg per mg COD consumed during the wastewater treatment 
has been considered [119]. This sludge production excess is the main drawback of biological 
treatment since a posterior management is required prior to its disposal. The goals of sludge 
treatment are to stabilize, to reduced odours, to remove some of the water, to decompose some 
of the organic mater and to kill disease causing organisms. A typical sludge treatment involves 
thickening, dewatering, and stabilization process followed by a main disposal method (i.e., 
incineration, agricultural land application or landfill disposal) [120].  
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3.2. Basic types of aerobic biological systems for wastewater treatment 

A fundamental classification of biological systems can be completed by considering the 
aggregation state of the biomass. Thus, there are basically two types of biological wastewater 
treatment technologies, suspended growth and immobilised growth biological systems. 

Suspended growth biological systems rely on mixing to keep microorganisms in 
suspension, and to ensure that they are in continuous contact with as much substrate as possible. 
In the immobilised growth configurations, microorganisms are attached to a solid medium and the 
wastewater passes over the medium as a film. Immobilised growth biological systems are 
advantageous compared to suspended growth systems when treating wastewater with a high 
concentration of pollutants, because with this kind of reactors a higher cellular density is possible 
[108]. Moreover, it has been demonstrated that immobilized microbial systems greatly improve 
bioreactor efficiency; for instance, increasing process stability and tolerance to shock loadings, 
allowing higher treatment capacity per biomass unit and generating relatively less biological 
sludge [121]. Nevertheless, the quantification of biomass is not possible when using immobilised 
growth reactors. Therefore, since the concentration of the treated effluent used in this work was 
low and the characterization of biomass was desired, suspended growth systems were used to 
assess biodegradability.  

Among the common types of suspended growth configurations based on activated sludge 
technology, continuous flow and batch systems are the most utilized. The batch operation is the 
oldest type and a modern version of this configuration is called Sequencing Batch Reactor (SBR) 
[108]. Research on SBRs began in the 1970’s [122], although in 1914 Arden and Lockett already 
designed reactors based on the principles of the SBR technology [123]. This work has used SBR 
to evaluate the biological treatment of target effluents.  

Briefly, the activated sludge continuous flow process consists of a biological reactor 
coupled to a solids capture device, such as clarifier or solid separator, to remove the biomass. 
After separation, the biomass is pumped back into the biological reactor to maintain a high 
concentration of microorganisms. Thus, the obtained effluent is free of biomass in a space-
oriented system. Contrary, in the SBR system biomass separation occurs in the biological reactor 
and not in a separate clarifier. Globally, SBR works under non-steady state conditions with unit 
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operations that involve appropriate aeration and decantation steps based on a fill-and-draw cyclic 
operation in the same reactor [124, 125].  

Basically, all SBR have five phases in common (Figure 1.6), which are carried out in a 
sequence as follows:   

1. Fill: Raw wastewater is added to the reactor and mixed with the biomass held in the 
tank. 

2. React: The metabolic biological reactions, which are responsible for the 
compsumption of organic matter in presence of oxygen, are carried out under 
controlled conditions. 

3. Settle: Aeration and mixing are stopped and the sludge is separated from the 
supernatant. 

4. Draw: Supernatant or treated effluent is removed. 
5. Idle: This is the time between cycles. This last period consists in an initiative process 

where the excess of sludge is eliminated. Since idle is not a necessary phase, it is 
sometimes omitted. 

influent

Fill React Settle Decant Idle

effluentinfluent

Fill React Settle Decant Idle

effluent

 
Figure 1.6. Typical sequence operation during one cycle of the SBR process. 

 
 
The most remarkable advantages of this type of technology when comparing with 

conventional activated sludge continous flow process include the suitability for simple 
automatization and manual control reduction, the easy managing of unexpected effects like bad 
settling (i.e., sludge bulking control), the lower economic cost, and the greater operation flexibility. 
Moreover, the operation in the fill-and-draw model prevents the washed out of biomass, thus 
diminishing the necessity of further separation [122].  
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4. Coupling AOP with biological systems for wastewater 
treatment 

Fundamentally, the biodegradability of a chemical compound refers to its potential for 
biodegradation. When biological treatment can not completely eliminate pollutants from 
wastewater (i.e., biorecalcitrant compounds), alternative removal strategies must be considered.  
The biorecalcitrant character of a chemical compound can be due to the lack of the microbial 
capacity to assimilate the molecule, or due to its toxicity for microorganisms. Toxicity is described 
as the irreversible deleterious response of a biologic system to a chemical compound that 
seriously disrupts metabolic functions or produces death.  

Occasionally, after biomass acclimation with the hazardous chemical the biotreatment 
can be finally achieved [126, 127, 128]. Acclimation is defined as the biomass acquisition of 
degradation capacity as time proceeds. For a mixed culture, one explanation for acclimation can 
be the selection of specialized microorganisms [129, 130, 131]. Indeed, it has been demonstrated 
after much scientific investigation related with microbial biodegradation, that under specific 
biotreatment (i.e., absence or presence of oxygen, pH, temperature, nutrient medium, etc.) all 
chemicals are potentially biodegradable. Nevertheless, when speaking in terms of pollution 
control, wastewater biodegradability refers to its potential for biodegradation under conventional 
biological treatments.  

Concerning wastewater treatment, AOPs are alternative remediation techniques for toxic 
and non biodegradable hazardous substances. Many examples of non-biodegradable and toxic 
wastewaters have been proven to lose their toxicity as well as to increase their biodegradability 
upon a chemical treatment before total mineralization has been achieved [132]. In this way, the 
coupling between AOP and biological treatments can be used to achieve degradation of target 
pollutants in a proper economical and environmental way, since operational costs of biological 
treatment are normally lower than the ones of chemical treatment. The main objective of this 
coupling is to modify the structure of pollutants by transforming them into less toxic and easily 
biodegradable intermediates by means of an AOP. Then, the subsequent mineralization can be 
achieved in an easier and shorter time with the biological treatment [133]. Focusing on this 
strategy, Sarria et al. [133] developed a general scheme that can be used to plan a combined 
AOP and biological process for wastewater treatment.  
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Figure 1.7. General strategy of wastewater treatment [133] 
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As seen in Figure 1.7, wastewater can be classified as biodegradable, non biodegradable 
and partially biodegradable. When treating biodegradable wastewater containing relatively small 
concentrations of recalcitrant compounds (i.e., partly biodegradable), two tactics can be followed. 
As seen in Figure 1.7, Sarria et al proposed a bacterial adaptation to remove the small non 
biodegradable fraction of wastewater. Additionally, an inverse strategy can be followed [132]. This 
means that conventional biological pretreatment can be initially used to remove the 
biodegradable fraction of wastewater and after that, a chemical treatment can oxidize the 
remaining refractory fraction. In addition, the biological activity of a bacteria consortium 
occasionally leads to the formation of some biorecalcitrant or toxic metabolites that may stop the 
degradation process. In these cases, biological-chemical-biological treatment can solve the 
problem [132, 134, 135]. The model compounds used in this work are toxic and non 
biodegradable (i.e., herbicides), therefore only a chemical pre-treatment by means of AOP 
followed by a biological process has been considered.  

When working with a combined chemical and biological process, some practical aspects 
must be taken into consideration. On the one hand, chemical oxidants and the bioculture can not 
mix because the chemical oxidants used can cause damaging effects to the microorganisms. 
Also detrimental effects can be produced by an excessively acid pH. For that reason, pH 
adjustment to approximately 7 is necessary because acid chemically treated effluents are 
generally produced due to both, the generation of acid species in the oxidation process, and the 
required acid pH conditions of some AOPs. 

On the other hand, large oxidation times are not necessary when coupling both 
treatments because excessive chemical oxidation, that generally implies high electrical and 
chemical reactant consumptions, may result in highly oxidized products possessing little 
metabolic value for the microorganism [132]. Nevertheless, the solution resulting from the photo-
treatment should be free of toxic and non biodegradable compounds. In this way, the assessment 
of the biodegradability and toxicity along the chemical process is necessary to determine an 
optimum pretreatment time that guarantees the success of the coupled system. This assessment 
is widely discussed in Section 6 of this introduction. 
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4.1. Application of AOP-biological coupled systems to wastewater 

Studies that first attempted the strategy of combining chemical and biological processes 
for wastewater treatment before 1995 were extensively reviewed by Scott and Ollis [132]. Large 
molecules such as soluble polymers, oils, herbicides and specific industrial effluents were 
enclosed in the first investigations reported by combining biological treatment with ozone/UV 
[136], ozone/H2O2 [136], Fenton´s reagent [137] and TiO2-photocatalysis systems [138] among 
others. From 1990´s until now much effort has been done to develop this strategy. Different 
chemical techniques, among them the AOPs, have been reported to be efficient when coupling 
with aerobic or anaerobic biological cultures to treat wastewater. Moreover, a microorganism 
consortium or a pure microbial culture, acclimated or non-acclimated can be also used in the 
biological process enhancing, in this way, the possibilities of obtaining an effective removal of 
contaminants. Sarria et al. [139] presented an overview of works published between 1998 and 
2002.  

Recently, some works based on the coupled AOP-biological system have been reported 
demonstrating the applicability of this strategy. Most of the papers published within the last four 
years (2003-2007) and based on the coupling between AOP and aerobic biological treatment are 
presented in Table 1.3, based on the structure proposed by Scoot and Ollis [132]. The proposed 
systems mainly include ozone, ozone/UV, ozone UV/H2O2, TiO2-photocatalysis, Fenton and 
photo-Fenton. On the other hand wastewaters under study come mostly form textile (azo-dyes) 
and pesticides contaminated effluents. Finally, the most used methods to assess biodegradability 
are the evaluation of BOD5/COD ratio, Zahn Wellens test, COD and TOC abatement in the 
subsequent biological reactor, and oxygen uptake rate (OUR). Moreover, much of these works 
also evaluate the potential toxicity by means of different techniques. All these strategies needed 
to assess the potential biocompatibility of the phototreated effluents are discussed in Section 6 of 
this introduction.  

Finally, it is also important to highlight the first industrial scale application of an oxidative 
pre-treatment (photo-Fenton or ozone) coupled to an aerobic immobilized biomass treatment 
located in Villaricos (Spain) for the treatment of salt water polluted with α-methylphenylglycine 
[140]. 
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Table 1.3. Studies utilizing AOP coupled to aerobic biological treatment for the degradation of biorecalcitrant 
compounds. (Grade corresponds to the effectiveness for combined oxidation studies, + modest increase, ++ 
dramatic increase, - adverse effect.) 

Authors Chemicals Degraded Concentration Chemical 
Oxidation Scheme 

Measure of 
biodegradability Grade 

Lapertot M. et al. [52,141] pesticides 30 mg·L-1 photo-Fenton Zahn Wellens ++ 

Essam T. et al. [142] chlorophenols 50 mg·L-1 UV/TiO2, UV/H2O2, 
UV/TiO2/H2O2 COD removal ++ 

Suarez-Ojeda M.E. et al. 
[143] o-cresol wastewater COD=9500 mg·L-1 Catalytic Wet Air 

Oxidation 
respirometry COD 

removal ++ 

Al Momani F. et al. [144] 2,4-dichlorophenol  100 mg·L-1 photo-Fenton BOD/COD + 

García A. et al. [145] carbaryl 0.05-0.01 g·L-1 UV/TiO2 activated sludge 
respirometry ++ 

 Azadeh A. and  
Mehrab M.[146] methyl tert-butyl ether 30 mg·L-1 UV/TiO2  COD removal - 

Kajitvichyanukul P and 
Suntronvipart N [147] hospital wastewater COD=1350 mg·L-1 photo-Fenton BOD5/COD ++ 

Lafi W. K. and Al-Qodah 
Z. [148] pesticides 1000 mg·L-1 O3/UV COD removal ++ 

Tantak N. P. and 
Chaudhari S. [149] azo-dyes 50 mg·L−1 Fenton COD removal  ++ 

Wiszniowski J. et al. [150] landfill leachate COD=500 mg·L-1 UVC/TiO2 activated sludge 
respirometry ++ 

Maldonado M.I. et al. 
[151] α-methylphenylglycine 500 mg·L-1 ozone Zahn Wellens ++ 

García-Montaño J. et al. 
[152, 153] azo-dyes 250 mg·L-1 photo-Fenton BOD5/COD and 

respirometry ++ 

Sudarjanto G. et al. [154] azo-dyes COD=100 mg·L-1 UV/H2O2 COD removal ++ 

Gökçen F. and Özbelge 
T.A. [155] azo-dyes 1000 mg·L-1 ozone BOD5/COD and 

COD removal + 

Mohanty S. et al. [156] H-acid 500 mg·L-1 TiO2 COD removal BOD + 

Contreras S. et al. [157] 2,4-dichlorophenol - ozone TOC removal ++ 

Al Moami F. et al. [158] 2,4-dichlorophenol 100 mg·L-1 photo-Fenton BOD5/COD 
TOC removal + 

Lopes de Morais J. et al. 
[57] landfill leachate COD=5200 mg·L-1 photo-Fenton and 

H2O2/UV BOD5/COD ++ 

di Laconi C. et al. [159] tannery wastewater - ozone - ++ 

Alaton I.A. [160] penicillin formulation 
wastewater COD=615 mg·L-1 ozone and O3/H2O2 BOD5/COD + 

Fongsatitkul P. et al. [161] textile wastewater COD=1047 mg·L-1 Fenton COD removal ++ 

In-Ock K. et al. [162] leachate COD=920 mg·L-1 UV/H2O2 BOD5/COD + 

Contreras S. et al. [163] 2,4-dichlorophenol 100 mg·L-1 ozone BOD5/COD and 
TOC removal + 
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5. Natural interferences in wastewater treatment: humic acids 

When polluted water is of natural origin, natural organic matter (NOM) can also be 
present in solution. Thus the assessment of the wastewater remediation process in presence of 
such compounds is of practical interest.  

Humic substances are typically the major component of NOM in water supplies. They 
constitute 30-50% of the dissolved organic carbon of NOM in surface waters [164] and generate a 
carbon concentration that generally ranges from 3 to 20 mg·L-1 [165]. Humic substances are 
derived from soil and are also produced within natural waters and sediments by chemical and 
biological processes such as the decomposition of plants, algae and microbial material [166]. The 
elucidation of the complex composition of humic acid has been one of the most important tasks of 
humus chemistry and many scientists have worked on it. It is known that humic acid is basically 
composed by phenolic, carbonylic, and carboxylic groups. An empirical formula of C72H43-

95O30N4· 0-38H2O for the basic structures has been proposed [167]. Furthemore, Fukushima and 
Tatsumi [168], recently published the elemental composition of different natural and commercial 
samples. The elemental composition for the humic acid used in the present work, purchased from 
Aldrich, is 51.5% C, 4.8% H, 0.9% N, 37.4% O, 3.3 % S and 2.1% ash.  

When treating wastewaters containing humic acid by means of different photochemical 
AOPs, several observations have been reported. It has been suggested that humic substances 
can act as sensitizers that produce reactive intermediates such as singlet oxygen, superoxide 
anion, hydrogen peroxide, solvated electrons or peroxylradicals of humic substances in triplet 
states [169]. All these species may enhance the efficiency of the degradation process [170, 171].  

However, some negative effects on the degradation rates of wastewaters containing 
humic acid have been also published. The process efficiency can be affected not only by the 
scavenging of hydroxyl radical by humic acid [172,173] but also because this substance can act 
as a photon trap [171, 174]. Zepp et al. [175] proposed that the phenolic groups present in the 
humic substances are responsible for such efficiency reduction.  

Furthermore, the adsorption of organic matter onto the humic acid surface has been also 
investigated [176]. Hence, when evaluating the treatment of water polluted with humic acid, the 
assessment of pollutants depletion by adsorption onto humic acid surface can not be omitted.  
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Finally, humic acids can be degraded by intense UV photolysis (i.e, 450 W high-pressure 
mercury vapour lamp, 500 W xenon short arc lamp, etc. [177,178]).  

In the present work the effect of humic acids has been investigated in both, the chemical 
and the biological treatment. The effect that humic acid has on live biomass form a WWTP must 
be considered. It is well known that humic acid is an example of a biorecalcitrant non toxic 
polymeric compound, but it is strongly adsorbed onto the biomass when both are in solution. It 
has been previously reported that biosorption of humic acid onto live biomass is described by 
Freundlich isotherms [179] which depicts a monolayer adsorption on a solid surface characterized 
by an asymmetrical energy distribution (see Chapter 2, Section 4 for bioadsorption studies). The 
Freundlich isotherm equation is  

 n

eFe CKq /1=  (1.52) 

Where qe is the amount of humic acid adsorbed per gram of biomass, Ce the equilibrium 
concentration of humic acid in solution and KF and 1/n are isotherm constants that can be 
considered as an indicator of adsorption capacity and intensity, respectively [180]. 
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6. Analytical assessment for coupling AOPs with biological 
treatment 

When treating organic matter by means of an AOP, oxidized by-products are generated 
along the mineralization process. Therefore, the success of the coupling between AOPs and 
biological treatment may be guaranteed by assessing the potential impact of generated by-
products to the biomass.  

Biodegradability and toxicity of the generated by-products can be evaluated either by 
ecotoxicological tests, or by chemical characterization to define the effluent nature. In recent 
decades, a number of alternative tests have been proposed and applied for the rapid evaluation 
of biological damage in the environment. Some alternatives for assessing biodegradability and 
toxicity as well as some chemical analyses based on chromatographic methods are discussed in 
this section.  

 

6.1. Acute toxicity testing 

Toxicity can be classified as acute (short-term, high dose), chronic (long-term, low dose), 
or subchronic (intermediate-term, high or low-dose). As said previously, when discussing in terms 
of pollution control, wastewater biodegradability refers to its potential for easy biodegradation 
under conventional biological treatments. Thus the assessment of acute toxicity is necessary to 
predict a possible coupling between chemical and biological systems. 

Classical bioassays to assess acute toxicity, which involve fish-lethality assays, are too 
laborious to be widely applicable [181]. Nevertheless, modern, sensitive, straightforward and 
cost-effective methods are currently well developed and available to establish the toxicity of 
compounds for aquatic organisms.   

Acute toxicity tests using invertebrates, plants, and algae have been used in aquatic risk 
assessment studies. One of the most common invertebrate toxicity tests uses the crustacean 
invertebrate species Daphnia magna [182]. The inhibition of growth or mobility after hours or days 
is used in this test as the indicator of toxicity. Recently, biosensors have been also used to test 
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toxicity. This method is interesting because of the possibilities of mass production, ease of use, 
fast response and adaptability to on-line monitoring [183]. Finally, toxicity tests based on 
bacteriological metabolic activity when faced with a potential toxic compound are also widely 
used. Several bio-assays using pure bacteria have been standardized and can be classified 
according to the measured parameter as growth or bacteria multiplication inhibition. Different 
toxicity tests based on these principles have been revised by Farré and Barceló [181]. 

The test used in this experimental work is based on the inhibition of the bioluminescence 
bacteria Vibrio fischery [184] (see Chapter 2, Section 5.2.1. for experimental details). This is a 
common acute toxicity test, already included in the International Standard Organization (ISO) 
standard methods list, is easy to manipulate and reproducible, and its precision is high. In the 
Vibrio fischery test, light emitted from the bacterium is a result of a metabolic process. This 
metabolic pathway is intrinsically linked to cellular respiration, so disruption of normal cellular 
metabolism causes a decrease in light production [185]. 

The last goal of toxicity assays when assessing the coupling between chemical and 
aerobic biological processes is to determine the potential effect of a toxic sample to activated 
sludge. The biological response induced in different living organisms perturbed by a chemical 
substance is diverse because not all microorganisms respond to all toxic substances in the same 
way [186]. In this way, it is generally recommended to carry out at least two toxicological tests in 
order to reduce the possibility of missing a particular toxic effect. Moreover, Dalzell et al. [187] 
suggested that although Vibrio fischery is suitable as a screening test for toxic samples, it should 
not be used to determine the potential effect to conventional biomass present in a WWTP. In 
general, Vibrio fischery is more sensitive than bacteria consortia present in the activated sludge 
and may give an overestimation of the acute toxicity effect. For that reason alternative methods, 
based directly on the effect of toxics to activated sludge, are investigated.  Recent research has 
been focused on the particularities of different toxicity tests and their comparison [188, 189, 190]. 

Different methods are proposed in the literature to directly assess toxicity to activated 
sludge. Some examples of these methods are nitrification inhibition, respiration inhibition, ATP 
luminescence and, in vivo L-alanine-aminopeptidase inhibition [187]. Among the different existing 
tests, respirometric measurements were used in the present work to assess the potential effect of 
toxic samples to activated sludge because of its availability and easy use. Respirometric assays 



                                                                                                      CHAPTER 1 -Introduction- 
 

 - 40 - 

are based on the direct relation between oxygen consumption and biomass development as 
explained in Section 3.1 of this introduction. The parameter used to quantify the rate of oxygen 
consumption by the biomass when assimilating organic matter in a determined time is named 
Oxygen Uptake Rate (OUR). A common respirometric technique to measure the toxicity of a 
certain compound consists in evaluating the slope of the dissolved oxygen profile obtained after 
adding a biodegradable substrate to the solution and comparing it with the slope value obtained 
when adding a mixture of biodegradable substrate and the possible toxic [191]. Nevertheless, this 
method can not distinguish toxic biodegradable compounds because the toxic consumption 
implies oxygen consumption as well. To overcome this difficulty, Guisasola et al. [192] suggest a 
new procedure based on the characterisation of the toxic consumption and the OUR profile 
obtained during the toxic consumption. The protocol used in this work to determine toxicity was 
carried out following Guisasola et al. recommendations (see Chapter 2, Section 5.2.4. for 
experimental details) and is compared with results obtained with Vibrio fischery tests. 

Finally, it must be noted that the results of the laboratory toxicity tests do not necessarily 
correlate with the impact that an effluent has on a real wastewater treatment; nevertheless, such 
tests provide an indication of the relative hazard posed by a specific pollutant. Thus, the 
assessment of toxic effects to the biomass of an aerobic wastewater treatment has been 
investigated by measuring the Volatile Suspended Solids (VSS), which is a measure of active 
biomass in the activated sludge (see Chapter 2, Section 5.2.5. for more experimental details). 

 

6.2. Ready biodegradability testing 

Biodegradability can be assessed by ready biodegradability tests and inherent 
biodegradability tests. Ready biodegradability indicate if a compound is degradable under natural 
conditions without any problem whereas inherent biodegradability is related to its biodegradation 
in favourable conditions (i.e., pollutants-microorganisms ratio shifted in favour of the 
microorganisms) [193]. Moreover, since the 1980s, different predictive models have appeared to 
obtain qualitative and/or quantitative information concerning the biodegradability characteristics of 
chemicals [194]. Nevertheless, probably due to their innovation, they are not still well validated 
[193]. Some examples of these programs are Qualitative Substructure Model [195], Biodeg 
Models and Survey Models [196]. 
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In this work inherent-biodegradability tests have been used to demonstrate the 
biorecalcitrant behaviour of initial compounds whereas a ready-biodegradability test has been 
used to assess the biodegradation of phototreated pollutants. Thus, only ready-biodegradability 
tests are discussed in this section. 

Less discussion is necessary when using ready biodegradability tests because these 
methods are internationally standardized and they are mostly based on the determination of 
global parameters such as Biochemical Oxygen Demand (BOD), carbon dioxide evolution (CO2), 
Total Organic Carbon (TOC) or Chemical Oxygen Demand (COD). Nevertheless, 28 days are 
necessary according to international standardized methods to perform tests [197]. In this way, 
simple and time-effective methods to assess biodegradability have been used and investigated in 
this work. 

The most traditional time-effective index to measure biodegradability is the 5-days 
BOD/COD biodegradability index. It is commonly considered that a BOD5/COD ratio value of 0.4 
corresponds to an effluent which is totally biodegradable in a real WWTP [45]. On the other hand, 
ready-biodegradability assessment by means of respirometric measurement is well considered 
because the prompt response of activated sludge is thought to be more realistic that the 
sometimes misleading BOD5/COD value [198] (see Chapter 2, Section 5.2.4. for more 
experimental details). 

 

6.3. By-products identification by chromatographic methods 

Much attention has been paid to the application of chemical analyses for evaluating 
toxicity and biodegradability of wastewater [181]. The identification of by-products generated 
during a chemical treatment may help us to understand the chemical nature of the effluent and 
predict a possible biological compatibility. Nevertheless this procedure is not always easy. Liquid 
chromatography-mass spectrometry (LC-MS) or gas chromatography-mass spectrometry (GC-
MS) are the best methods to identify the nature of pollutants present in wastewaters. 

During the degradation process of large organic pollutants by means of an AOP, more 
polar small compounds are normally generated. Despite the extensive use of GC-MS techniques 



                                                                                                      CHAPTER 1 -Introduction- 
 

 - 42 - 

drawbacks like the difficulty of direct water injections or the loss of polar compounds may limit 
their application when analysing by-products generated along a mineralization process [199]. The 
characteristic GC-MS limitations can be overcome by LC-MS techniques. The adequate modality 
of LC-MS to analyse polar compounds is the so-called Normal Phase (NP-HPLC). Nevertheless, 
the organic, nonpolar eluents used in this modality, often based on hexane, produce an 
incompatibility with mass detectors since ionization is not easily achieved in these eluents [200]. 
On the other hand, the main problem associated to the use of the Reverse Phase modality (RP-
HPLC) is that polar compounds can not be analysed because they are not retained in the apolar 
stationary phase and coelutions prevent the separation and identification of a wide range of 
compounds.  

To enable the analysis of polar compounds while still using mass spectrometry as a 
comprehensive and sensitive detector, Hydrophilic Interaction Liquid Chromatography (HILIC) is 
one alternative. HILIC is similar to Normal Phase chromatography as a polar stationary phase, 
like diol, silica or amine [201, 202, 203] is used. The separation in HILIC is based on the 
distribution between stationary and mobile phases and differs from Normal Phase 
chromatography in the mobile phase which is based on an aqueous–organic mixture with water 
being the most abundant solvent. The retention of polar compounds is increased when the 
proportion of organic solvent is increased. Alpert et al. [200] suggested that the retention 
mechanism involves partion of the analyte between the mobile phase and a layer of mobile phase 
enriched with water onto the stationary phase. In this way the elution order in HPLC (HILIC) is 
more or less the opposite of that seen in RP-HPLC. So HILIC coupled with mass spectrometry 
appears to be an appropriate method for the determination of the concentration and structure of 
small polar compounds. 

Currently, there is a need for more studies on different types of polar stationary phases in 
order to gain a better understanding of the HILIC separation. A window is open for further 
development of the by-products determination studies required in the field of coupling chemical 
and biological treatments for the remediation of wastewaters. 
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7. Life Cycle Assessment (LCA) 

Nowadays, every chemical treatment must be developed taking into account its global 
impact on the environment. With this objective, a Life Cycle Assessment (LCA) has been used in 
the present work as a tool for the evaluation of the environmental impact of some of the proposed 
processes for the removal of herbicides from water. In this sense, the removal of herbicides from 
water by means of AOP and coupled AOP-biological system has been evaluated. Moreover, the 
possibility of using solar light as the driving force to conduct the AOP has been also considered.  

LCA is a powerful management tool used to facilitate understanding and characterization 
of the range and scope of environmental impacts of a product, process or service. LCA 
investigations started in the late 1960´s [204], although until 1990 there was not a common 
theoretical framework to use LCA as a standardized methodology. SETAC (the Society of 
Environmental Toxicology and Chemistry) was the first scientific organization that provided a 
basis for the development of LCA [205]. After that, in 1994 the International Standard 
Organization (ISO) produced the first complete series of LCA standards. Traditionally there were 
four ISO standards specifically designed for LCA application: 

-ISO 14040 (1997): Principles and Framework [206] 

-ISO 14041 (1998): Goal and Scope definition and inventory analysis [207] 

-ISO 14042 (2000): Life Cycle Impact assessment [208] 

-ISO 14043 (2000): Interpretation [209] 

Currently two new standards have been published that replace these four standards 

-ISO 14040 (2006): Principles and Framework [210] 

-ISO 14044 (2006): Requirements and Guidelines [211] 

The new 14044 standard replaces the 14041, 14042 and 14043 but there have been no major 
changes in the context.  
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In ISO 14040, LCA is defined as: 

“A technique for assessing the environmental aspects and potential impacts associated with a 

product by: 

- compiling an inventory of relevant inputs and outputs of a product system, 

- evaluating the potential environmental impacts associated with those inputs and outputs, 

- interpreting the results of the inventory analysis and impact assessment phases in relation to the 

objectives of the study.” 

This technique examines all the stages implicated in a life cycle of the product, service or 
process submitted for analysis “from cradle to grave”. The environmental impacts are calculated 
by evaluating the inputs (initial gathering of raw materials from the earth) and outputs (residuals 
returned to the earth in the form of emissions) and then, by converting them into their effects on 
the environment. Thus, LCA provides a picture of the interactions of an activity with the 
environment. By providing this complete picture, major environmental impacts and “hot-spots” 
may be detected and improved. Moreover, if different LCAs are conducted for alternative 
products, processes or services, the comparison of their overall environmental impacts is 
possible, thus giving the chance of selecting the best option, from an environmental point of view, 
among other alternatives [212]. 

Although useful, LCA is not a complete assessment technique. Deficiencies in address 
timed and localised impacts, ignorance of the non linear character of some processes and the 
lack of economic and social impacts make LCA part of a “tool box” [213] where other strategies 
such as Life Cycle Costing (LCC), Risk Assessment (RA) and Substance Flow Analysis (SFA) 
may overcome LCA deficiencies. Moreover, availability of data is another limitation because 
although databases are being developed in various countries, in practice data are frequently 
obsolete, incomparable, or of unknown quality [214]. Taking all this into consideration, this work 
has performed a LCA study as a first step of the environmental assessment of the water 
remediation techniques proposed.  
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7.1. LCA methodology 

 The ISO 14.040 standard establishes four basic stages for LCA studies. These stages 
are represented in Figure 1.8. 

 

 

 

 

 

Figure 1.8. Stages in a LCA [206] 

Goal and Scope definition  

In this stage the purpose, scope, and main hypothesis considered in the LCA are defined. 
The purpose of the study is formulated in terms of the exact question, target audience and 
intended application [213]. The scope implies the definition of the system under study, their 
boundaries, the quality of the data used, the main hypothesis as well as the limitations of the 
study.   

In this step it is also necessary to define a functional unit to enable different systems to 
be treated as functionally equivalent [214]. Thus, the functional unit is a quantified description of 
the performance of the product, process or service systems, for use as a reference unit. For 
example, this work has considered a specific percentage of TOC removal at the end of the water 
treatment as a functional unit to be able to compare different water treatments.  

Inventory analysis 

 The inventory analysis is the process of accumulating data to quantify the inputs and the 
outputs of the defined system per functional unit. The inputs included (a) production of consumed 
electricity, including extractions of resources, transport and electricity production, (b) production 
of chemicals, including extraction of resources, production and transport, whereas outputs 
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subsume air, water and soil emissions generated through the considered scenarios as well as 
solid final wastes.  

Impact assessment 

 Life Cycle Impact Assessment (LCIA) is the process that identifies and characterizes the 
potential effects produced in the environment by the system under study [208]. In this step, the 
weighted environmental interventions are classified in different impact categories or indicators 
based on anticipated effects on the environment.  

There are several methods available for performing the characterization of environmental 
impacts, with the use of equivalence factors for the different impact categories being the typical 
methods. These equivalence factors indicate how much a substance contributes to an impact 
category compared to a reference substance. For example, for Global Warming the reference is 
carbon dioxide, thus the Global Warming contribution by other substances is then expressed in 
terms of the equivalent amount of carbon dioxide that would have the same effect [215]. 

Interpretation 

 This is the last step of LCA where conclusions are obtained. Interpretation involves a 
review of all the stages in LCA process, in order to prove the consistency of the assumptions and 
the quality of the selected data.  

 

7.2. LCA application to AOP 

 Initially LCA was designed to analyse the environmental impacts of a product to provide a 
quantitative assessment of the environmental impact over their entire life cycle, with the goal of 
improving the manufacturing process. Nevertheless, the use of this tool to environmentally 
assess processes has increased in the engineering field because life-cycle studies provide a new 
way of analysing the benefits of pollution abatement [216]. In particular concerning wastewater 
treatment many studies of LCA have been reported [217, 218, 219, 220, 221, 222, 223]. 
Nevertheless, relating to AOP and coupled AOP-biological systems for wastewater treatment 
processes less information is available [224, 225, 226, 227]. Therefore, the present work 
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contributes to increasing the importance of this environmental tool in the assessment of 
wastewater process by means of this methodology.  
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8. Scope and aim of this thesis 

The aim of this thesis is to explore new ways of remediation of water polluted with 
hazardous herbicides by combining chemical and biological treatments.  

In the first part of the work, effective Advanced Oxidation Processes (AOPs) for the 
treatment of water polluted with different herbicides are investigated. The AOPs selected for the 
examination are photo-Fenton, TiO2-photocatalysis, ozone/UV, photo-Fenton/ ozone and TiO2-
photocatalysis/ ozone. The reaction yield is monitored in terms of mineralization and herbicide 
concentration abatement. Moreover, in order to evaluate a possible coupling between chemical 
and biological treatments, different methods to analyze toxicity and biodegradability of 
phototreated effluents are employed and compared from a practical point of view.  

The second part is based on the coupling between chemical and biological treatments. 
Although the best results concerning chemical mineralization efficiency are obtained with the 
photo-Fenton/ozone method, the single photo-Fenton technique is selected to perform this 
experimental part due to their lower operational costs comparing to those related to the ozonation 
process. The reactant dose of the chemical treatment is selected by means of multivariate 
experimental design. The biocompatibility of the phototreated solution is finally assessed by 
feeding a bench-scale aerobic Sequencing Batch Reactor (SBR). Furthermore, this study is 
improved with both, the appraisal of the effect of natural organic matter present in solution when 
coupling the chemical and biological treatment, and the analysis of by-products generated along 
the mineralization process.  

Finally, the global environment impact of the treatment of water polluted with herbicides 
by means of the chemical/biological coupled system is assessed. This evaluation is carried out by 
means of Life Cycle Assessment (LCA) methodology. The environmental assessment of single 
photo-Fenton systems assisted with both artificial and natural sunlight is also performed and 
results are compared with those obtained from the chemical/biological coupled system. 
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1. Reagents   

1.1. Preparation of synthetic effluents 

The toxic and non biodegradable herbicides used in this work were Alachlor (95%, 
Aragonesas Agro S.A, technical grade), Atrazine (95%, Ciba-Greigy, technical grade), 
Chlorfenvinphos (93.2%, Aragonesas Agro S.A, technical grade), Isoproturon (98%, Aragonesas 
Agro S.A, technical grade), Diuron (98.5%, Aragonesas Agro S.A, technical grade), Linuron 
(92.6%, Makhteshim Agan España S.A, technical grade) and Pentachlorophenol (98%, Aldrich). 
Table 2.1 summarizes some physical-chemical data of the 7 herbicides used. Figure 2.1 shows 
their chemical structure 

 

Table 2.1 Physical-chemical data of model herbicides 

herbicides CAS 
Molecular 

weight 
g· mol-1 

Melting 

pointa  oC 
Solubilityb  

mg· L-1 

 
Log Kow 

 

Alachlor 15972-60-8 269.8 40 240 3.52 
Atrazine 1912-24-9 215.7 173 35 2.61 
Chlorfenvinphos 470-90-6 359.8 167(*) 124 3.81 
Diuron 330-54-1 233.1 158 42 2.68 
Isoproturon 34123-59-6 206.3 158 65 2.87 
Linuron 330-55-2 249.1 180 75 3.20 
Pentachlorophenol 87-86-5 266.4 174 14(**) 5.12 

a) Melting points, (*boiling point) data refers to standard atmospheric pressure (1bar) and  
b) Solubility data refers to 25 oC and pH=7, pH(**)= 5 

 

All the aqueous solutions were prepared with water purified in a Millipore Milli-Q system 
(conductivity < 6·10-8 Ω-1 cm-1 and TOC < 0.1 mg·L-1). In order to simulate real herbicides 
concentration, solutions of 50 mg·L-1 were prepared. When the solubility value was below 50 
mg·L-1, a saturated solution of the herbicide was used as initial solution. A mixed initial saturated 
solution of Diuron and Linuron was prepared for the experiments of combined degradation of both 
herbicides. Before the degradation process started, all solutions were filtered through a 45 µm 
Nylon filter (Millipore).  
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Figure 2.1 Chemical structures of model herbicides 

 

The stoichiometry of the complete mineralization of the herbicides is expressed with the 
following global equations (2.1 to 2.7). When compounds contain nitrogen, the reactions have 
been written taking into account that nitrogen ends up in the most oxidized state. In these cases, 
ammonia can be formed before being oxidized to nitrate at long reaction times.  

Alachlor; C14H20ClNO2 + 19 O2 → 14 CO2 + HCl + HNO3 + 9 H2O   (2.1) 

Atrazine; C8H14ClN5 + 17.5 O2 → 8 CO2 + HCl + 5 HNO3 + 4 H2O   (2.2) 

Chlorfenvinphos; C12H14Cl3O4P + 14 O2 → 12 CO2 + 3 HCl + H3PO4 + 4 H2O   (2.3) 

Diruon; C9H10Cl2N2O + 13 O2 → 9 CO2 + 2 HNO3 + 2 HCl + 3 H2O   (2.4) 
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Isoproturon; C12H18N2O + 18.5 O2 → 12 CO2 + 2 HNO3 + 8 H2O   (2.5) 

Linuron; C9H10Cl2N2O2 + 12.5 O2 → 9 CO2 + 2 HNO3+ 2 HCl + 3 H2O   (2.6) 

Pentachlorophenol; C6HCl5O + 4.5 O2 + 2 H2O → 6 CO2 + 5 HCl   (2.7) 

 

1.2. Other reagents used  

FeSO4·7H2O (99.5%, Merck) and H2O2 (33% w/v, Panreac) were use as photo-Fenton 
reagents. TiO2 P-25 (80% anatase and 20% rutile, Degussa) was used in heterogeneous 
photocatalysis experiments. Ozone was produced from Oxygen C-45 (99.995%, Carburos 
Metalicos). KI (99%, Aldrich), KIO3 (Probus), K2H2PO4 (99%, Aldrich) and Na2S2O3·5H2O (99.5%, 
Aldrich) were used in the measurement of O3. In TOC measurements synthetic high purity air 
(79% N2, 21% O2, Abelló-Linde) was used as carrier gas. Potassium hydrogen phthalate 
(KC8H5O4 99%, Acros), NaHCO3 (99.7%, Aldrich) and Na2HCO3 (99.95%, Aldrich) were used to 
calibrate TOC apparatus. HCl (37%, Panreac) and H2SO4 (96%, Panreac) were used to 
regenerate catalyst and to perform IC measurements. NaOH (97%, Aldrich) and H2SO4 (96%, 
Panreac) were used in pH adjustements. In order to quantify COD values, Aqualitic® vials 
(HgSO4, AgSO4, H2SO4, K2Cr2O7) range 0-150 and 0-1500 mg·L-1 were used. Potassium 
hydrogen phthalate (KC8H5O4 99%, Acros) was used as standard in these analyses. KI (99%, 
Panreac), (NH4)6Mo7O24·4H2O (99%, Panreac), potato starch (Fluka), Na2S2O3·5H2O (99.5%, 
Aldrich) and H2SO4 (96%, Panreac) were used in iodometric determination of H2O2. The excess of 
H2O2 was eliminated with Na2SO3 (Merk). NH4+ measured with Nessler method required KI (99%, 
Panreac), HgCl2 (Probus), NaOH (97%, Aldrich) and NH4Cl (99.5%, Sigma). For Zahn-Wellen test 
NH4Cl (99.5%, Sigma), NH2PO4 (99%, Panreac), KH2PO4 (99%, Panreac) and K2HPO4 (99%, 
Panreac) were used. Toxicity was measured with Vibrio Fischery bacterium (NRRL B-11177) 
provided by Lab-System. NaCl (99%, Aldrich) and catalase (Sigma) were also required in those 
analyses. For BOD5 measurements, glucose (C6H12O6 99%, Fluka) and glutamic acid (C5H9NO4 
99%, Fluka) were used as standard. Nitrification inhibitor (N-Allylthiourea, WTW), Na2HPO4 (99%, 
Aldrich), KH2PO4 (99%, Panreac), MgSO4·7H2O (98%, Panreac), CaCl2 (Probus), FeCl3 (Probus) 
and NH4Cl (99.5%, Sigma) were also used in BOD5 analysis. Acetic acid (CH3COOH 99.7%, 
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Panreac) was used as totally biodegradable standard in respirometric measurements. FeCl3 
(Probus), MgSO4 (98%, Panreac), CaCl2 (Probus) NH4Cl (99.5%, Sigma) and NaH2PO4 (99%, 
Aldrich) were used as nutrients for the SBR. Humic acid employed in this work was purchased 
from Aldrich. All the solvents used in chromatography were HPLC grade. Finally, all the standards 
used to identify by-products were at least of p.a grade. 
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2. Experimental set-up 

2.1. AOP reactor 

All the degradation experiments were conducted in a cylindrical Pyrex thermostatic cell of 
250 cm3 capacity (58 mm × 125 mm) provided with a magnetic stirrer. A thermostatic bath kept 

the temperature constant at 25.0±0.2 oC (Selecta S473.100). Figure 2.2 represents the scheme 

of the experimental set-up.  

 

 

Figure 2.2 Experimental set-up. 
1-oxygen cylinder, 2-ozonator, 3-diffuser, 4-sampling tube, 5-Teflon magnetic bar, 
 6-regulator key, 7- syringe, 8-ozone exit, 9-ozone detector, 10-cooling water inlet, 

 11-cooling water outlet, 12-black light 

 

As seen in Figure 2.2, the reactor had three port lids that could be sealed. One port was 
used for introducing, when necessary, ozone into the reactor. The second port was used as 
ozone exit, and the third one was opened only to take samples from the reactor. In the photo-
Fenton and heterogeneous photocatalysis experiments, the gas diffuser was removed from the 
experimental set-up and both, the first and second ports were sealed.  

The selection of the photon source was a key point since the main objective of this 
experimental work was the development of environmentally-friendly and economical technologies 
for the treatment of wastewater. A 6 W black light with a measured intensity of 0.21 mW·cm-2 
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determined by means of a luminometer (Luton UVA-365, band pass 320-390 nm) was chosen to 
perform all the experiments. As seen in Figure 2.3, the emission range of UVA light permits 
carrying out photo-Fenton, heterogeneous photocatalysis and ozonation experiments (see 
Chapter 1, Section 2 for more details about required wavelengths).  

 
Figure 2.3 Black light emission spectra and wavelengths required in AOPs  

 

Furthermore, an ideal AOP should use solar radiation as the driving force. Hence, the 
AOP efficiency by using solar radiation is guaranteed if the process is efficient under UVA 
radiation, due to the higher intensity and wider spectra of sun light [1, 2]. Finally, the UVA black 
light is more appropriate than other lamps used in similar experiments (e.g., Xenon lamp or high 
pressure mercury lamp) due to its lower electrical demand. 

The black light was placed vertically and close to the reactor in order to achieve a 
constant irradiation flow during all the experiment. All the experimental set-up was protected from 
any external light with a dark cover. 

 

 photo-Fenton and related processes

heterogeneous photocatalysis TiO2

Ozonation 
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2.1.1. Photo-Fenton experimental procedure 

The experimental procedure in photo-Fenton assays was the following: in each 
experiment the photoreactor was charged with parent solution. The pH of the solutions was 
previously adjusted to 2.8. After that, FeSO4·7H2O was added and mixed to assure perfect 
dissolution. Finally, the hydrogen peroxide was added and the UVA light was switched on. The 
solution was continuously stirred at 500 rpm during all the degradation process. When necessary, 
samples were taken with a PVC syringe.  

In publications 1 and 2, the amount of photo-Fenton reagent was selected according to 
previous research [3]. The amount of photo-Fenton reactants used in the rest of the work was 
selected according to an experimental design (see Chapter 2, Section 3 for details). 

 

2.1.2. TiO2-photocatalysis experimental procedure 

Well dispersed suspensions of TiO2 catalyst were required in heterogeneous 
photocatalysis experiments. Consequently, aqueous solutions were magnetically stirred during 
the catalyst loading process. pH was adjusted once the catalyst was loaded. The TiO2 
suspension was introduced in the reactor and kept in the dark until adsorption equilibrium was 
reached (i.e., 30 min). After that, the UVA light was switched on. The experiments were carried 
out under a continuous stirring of 500 rpm. When necessary, samples were taken with a PVC 
syringe.  

The catalyst concentration used in these experiments was optimized in a previous work 
where TiO2 levels tested ranged from 100 to 1000 mg·L-1 [4]. In that work, an increase in the 
kinetic constant value with the amount of TiO2 up to 250 mg·L-1 was observed. For higher catalyst 
concentration, the efficiency of the process was always similar. Based on these observations, 250 
mg·L-1 of TiO2 was the concentration chosen for the experiments.  
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2.1.3. Ozonation experimental procedure 

Ozone, generated by an Erwin Sander 301.7 equipment fed with pure oxygen flowing at  
1 bar, was bubbled through the bottom of the reactor solution using a gas diffuser. The ozone 
input in the treated solution was 1.6 g·h-1 as determined by iodometric titration. The unreacted 
ozone in the flow gas was measured by means of an Erwing Sander Quantozone-1 ozone-meter. 
After measuring, the excess of ozone was destroyed in a KI aqueous trap. The reactor was filled 
with parent solution once the ozone concentration reading in the ozone-meter was stable. After 
that the UVA light was switched on. The solution was continuously stirred at 500 rpm during all 
the degradation process. When necessary, samples were taken with a PVC syringe. 

 

2.1.4. Photocatalytic ozonation experimental procedure 

As explained above, the reactor was filled with the herbicide solution once the ozone 
input in the reactor was constant. In the photo-Fenton/ozone and TiO2-photocatalysis/ozone 
systems, the Fenton reagents or TiO2 particles were also added to the reactor prior to start the 
experiment as explained in Section 2.1.1 and 2.1.2. Finally, the UVA light was switched on. The 
solution was continuously stirred at 500 rpm during all the degradation process. When necessary, 
samples were taken with a PVC syringe. 

 

2.2. Sequencing Batch Reactor (SBR) 

The aerobic bench-scale Sequencing Batch Reactor (SBR) was used to completely 
remove organic matter from solution after the utilization of an AOP. Experiments were conducted 
in a cylindrical Pyrex cell with a working liquid volume of 1.5 L. The reactor was magnetically 
stirred and maintained at laboratory temperature (20 oC). Air was fed through the bottom of the 
SBR by means of a glass diffuser. 

One of the parameters to be fixed in a SBR was the Hydraulic Retention Time (HRT). 
This parameter measures the average time that the effluent remains in the bioreactor. Once the 
HRT was fixed, the corresponding volume to be replaced daily could be calculated as  
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 Vreplaced = VSBR/HRT    (2.8) 

As required by the SBR configuration, the experiments were performed in discontinuous 
mode and the volume extracted daily from the reactor was replaced by the same volume of new 
wastewater.  

Another parameter usually controlled in a SBR is the Sludge Retention Time (SRT). This 
parameter measures the average time that the sludge remains in the bioreactor. Depending on 
this value, sludge purging is required. Due to the small scale properties of the SBR and the low 
Total Organic carbon (TOC) concentration used in this work, the low amount of sludge produced 
as consequence of organic matter assimilation was eliminated when withdrawing the supernatant. 
Consequently sludge purging was not required.  

 

2.2.1. SBR experimental procedure 

The activated sludge used as inoculum of the SBR was directly obtained from the aerobic 
stage of a full-scale urban Wastewater Treatment Plant (WWTP) located in Manresa (Spain). 
Initial Total Suspended Solids (TSS) value was between 3300 and 5000 mg·L-1.  

The suitable amount of biomass was added to the SBR to obtain a TSS value of 600-
1000 mg·L-1 in the final 1.5 L reactor. After that, the corresponding amount of different 
macronutrients were added in solution to obtain the following concentration; MgSO4 (202.0 mg·L-

1), CaCl2 (73.40 mg·L-1), NH4Cl (76.40 mg·L-1) and NaH2PO4 (1242 mg·L-1) [5]. Finally the SBR 
was filled with wastewater to 1.5 L (municipal wastewater or phototreated effluent).  

The removal of hydrogen peroxide was required before feeding the SBR when this 
compound was used in the oxidation process. Sodium sulphite was used to eliminate hydrogen 
peroxide. Then, aeration was required to convert the remaining sulphite into sulphate [6]. When 
direct feed was not possible (several 250 ml chemical reaction batches were needed to fill the 1.5 
L biological reactor) storage at around -8 oC was required. 

Once the HRT was determined, the fill-and-draw procedure performed every day was as 
follows; after the aeration-reaction period (22.5 h), agitation and air flow were stopped to allow the 
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biomass to settle down (1h). In order to avoid false TOC measurements due to water 
evaporation, the liquid level in the SBR was maintained constant by adding water in the required 
amount. After 1 hour, the suitable volume (calculated with Equation 2.8) was withdrawn from the 
sample supernatant and replaced by the corresponding wastewater volume previously 
neutralized at pH=7. Finally, nutrients were also added to maintain the constant initial 
concentration. Agitation was turned on and samples were taken to perform TSS, VSS and pH 
analyses (readjusted to 7 if necessary). Finally the air flow was also restarted. The dissolved 
oxygen concentration (higher than 3 mg·L-1) was measured daily by means of a dissolved oxygen 
meter (model 407510 from Extech).  

Prior to feed the SBR with the phototreated effluents, a start-up process was carried out 
in order to determine residual TOC produced by the bacteria metabolism. This start-up process 
was performed by feeding the SBR with municipal wastewater for 2 weeks and using a 10 days 
as HRT.  

When the reactor was fed with phototreated solutions, the SBR experiments were 
continuously working for 12 or 16 cycles (depending on the experiment) to allow repetitive results 
(i.e., TOC variation coefficient lower than 4%) and if possible, stabilization of biomass (i.e., 
constant VSS value). One cycle was achieved when the total SBR initial volume had been 
replaced with new solution. New fresh biomass was used for each experiment.  
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3. Experimental design for the optimization of reagent doses 

Experimental design is an interesting tool for the evaluation of a determined phenomenon 
by performing a minimal number of experiments. This methodology allows obtaining a surface 
response that depends on the different variables selected for study. By analysing the surface 
response, the importance of studied variables and the interaction effects between them can be 
found. In this way, photo-Fenton reagent concentrations to remove TOC from solution were 
selected by means of a multivariate experimental design. MODDE 5.0 software was used to work 
out the polynomial expressions and response surface.  

A two factor and three levels central composite design (32) was adopted to investigate 
the effect of hydrogen peroxide and Fe2+ concentrations in the mineralization percentage. 
Volume, temperature and pH were kept constant for the experimental design. Concentration of 
hydrogen peroxide between 10 and 250 mg·L-1 and iron (II) concentration between 2 and 250 
mg·L-1 were codified in three values within the range -1 to +1 at 95% confidence level. Eleven 
experiments were carried out. Three of them corresponded to the central point value that was 
repeated three times to check the statistical significance. Table 2.2 describes the experimental 
design. Additional data, corresponding to experimental design, is shown in Annexe 2. 

 

Table 2.2 Two factor central composite design of photo-Fenton reagent optimization 

Experiment Run 
Order 

[Fe2+] 
mg·L-1 

[H2O2] 
mg·L-1 

Volume 
 mL 

Temperature 
oC 

pH 

1 11 2.0 10 250 25 2.8 
2 2 20.0 10 250 25 2.8 
3 10 2.0 250 250 25 2.8 
4 3 20.0 250 250 25 2.8 
5 1 2.0 130 250 25 2.8 
6 6 20.0 130 250 25 2.8 
7 8 11.0 10 250 25 2.8 
8 4 11.0 250 250 25 2.8 
9 5 11.0 130 250 25 2.8 
10 7 11.0 130 250 25 2.8 
11 9 11.0 130 250 25 2.8 
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4. Humic acids adsorption experiments 

In publication 4, the characterization of the adsorption process of humic acid onto the 
biomass was required. With this aim, adsorption studies were carried out. 

 

4.1. Adsorption kinetic study  

The activated sludge used to evaluate adsorption kinetics was directly obtained from the 
aerobic stage of a full-scale urban WWTP in Manresa (Spain). A dilution was carried out to attain 
a TSS value of 1000 mg·L-1 in the final 1L solution. The adsorption of HA by the living activated 
sludge was studied as function of contact time. The adsorption kinetics were calculated by adding 
200 mg of HA to the 1L biological reactor (1000 mg·L-1 TSS concentration). The reactor was 
agitated at constant temperature (20 oC). At selected time intervals, samples were collected from 
the reactor and the sludge was removed by centrifugation. In order to obtain the adsorption 
kinetic constant, TOC in solution was measured for 400 minutes.  

TOC measurements were also carried out in a blank run without HA (the same amount of 
biomass) in order to correct the desorbed organic matter from the final TOC concentration. The 
final dissolved HA concentration (TOC, mg·L-1) was calculated by subtracting the TOC 
corresponding to the blank from the TOC related to the HA 

 desorbedsamplesolution CCC −=  (2.9)  

The amount of HA adsorbed was estimated as follows, where Co is the initial TOC content of HA 
in solution without biomass 

 solutionoadsorbed CCC −=  (2.10) 

 

Several models can be used to analyze the kinetics of a sorption process although 
pseudo-first and pseudo-second-rate equations have been widely studied [7, 8]. The pseudo-first-
order rate equation is 
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 )(1 te qqk
dt
dq

−=  (2.11) 

Where qe and qt are the grams of solute adsorbed per gram of adsorbent at equilibrium and at 
any time respectively. Integrating Eq 2.11 for the boundary conditions t=0 to t=t and q=0 to q=q 
gives 

 
2.303

tkqlogqqlog 1
ete −=− )(  (2.12) 

Where k1 is the rate constant of the pseudo-first-order sorption and is expressed in min-1. 

To fit the kinetic models it was necessary to determine qt and qe. These parameters were 
calculated as follows 
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The rate law of pseudo-second-order model is expressed as 
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Integrating Equation 2.15 for the boundary conditions t=0 to t=t and q=0 to q=q gives 
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Equation 2.16 can be rearranged to obtain a linear form 
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Where k2 is the pseudo-second-order rate constant of sorption expressed in g·mg-1·min-1 when qe, 
is expressed in grams of solute adsorbed per gram of adsorbent. In order to find out the kinetic 
model involved in the process of biosorption of HA onto activated sludge, both the pseudo-first 
and pseudo-second-order kinetic models were used to fit the experimental data.  
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4.2. Isotherm adsorption experiments 

Isotherm adsorption experiments were conducted using 250 mL vessels containing 10 
mL of activated sludge (3300 mg·L-1 TSS). 90 mL of solutions of HA at different concentration 
(from 100 to 1000 mg·L-1) were added, the vessels were stirred for a contact time of 24 hours at 
room temperature (20 oC), TOC was measured, and pH was adjusted to 7. After centrifugation 
TOC concentration of each sample was measured again. One vessel with biomass, but 
containing no HA, was added as a control experiment to correct the TOC concentration in each 
sample for desorbed organic matter. The HA concentration in solution (TOC) at equilibrium was 
calculated by subtracting the blank sample TOC measurement from the HA samples TOC 
measurements  

 desorbedsamplee CCC −=  (2.18) 

The equilibrium of biosorption of HA was modelled using Freundlich and Langmuir 
isotherms. The Langmuir isotherm is valid for a monolayer adsorption onto the surface with a 
finite number of identical adsorption sites. In this expression qe was calculated according to 
Equation 2.14. Then, the Langmuir equation is expressed as follows 
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The linearized form of Langmuir equation is 
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Where Q0 is expressed in mg·g-1 and 1/b is expressed in mg·L-1.             

The Freundlich equation, that attempts to incorporate the role of substrate-substrate interactions 
on the surface, is given as 

 n

eFe CKq /1=  (2.21) 

Where qe was calculated according to Equation 2.14. This expression can be linearized as 
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 ( ) eFe logCn
1logKlogq ⋅+=  (2.22) 

Where KF is expressed in mg·g-1. In order to find out the isotherm model involved in the process 
of biosorption of HA onto activated sludge, both Langmiur and Freundlich models were used to fit 
the experimental data.  
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5. Analytical methods 

5.1. Chemical analysis 

5.1.1. Total Organic Carbon (TOC) 

The Total Organic Carbon (TOC) is defined as the amount of CO2 liberated when an 
organic sample is totally oxidized. The TOC methodology is based on the transfer of all the 
carbon present in solution to CO2 to quantify the Total Carbon (TC) and the Inorganic Carbon 
(IC). Then, the TOC (mg·L-1) is calculated by subtracting IC to TC. Two analysers: model 
Shimadzu 5000 and a Shimadzu TOC-VCSH were used. The test was carried out according to 
Standard Methods [9]. 

The TC measurements were based on the catalytic oxidation of the sample in a 
combustion tube to transform all carbon in CO2. A platinum catalyst was supported on aluminium 
oxide spheres that filled the combustion tube where temperature was 680 oC. After the 
combustion, the carrier gas that consisted of CO2 free air and flowed at 150 mL·min-1, was 
dehumidified and driven to a cell set containing a non-dispersive infrared gas analyzer (NDIR) 
where CO2 was detected. The TC concentration was calculated by the equipment data processor. 
The IC was measured by previously acidifying the sample with 25% w/v phosphoric acid. 
Therefore, carbonate and bicarbonate were decomposed to CO2. The IC concentration was 
determined by the same procedure as TC but without the catalytic oxidation (i.e., the sample 
does not go through the combustion tube). Finally TOC was measured as the difference between 
TC and IC. To determine the amount of TC, IC and TOC present in solution standard calibrations 
are required. Potassium hydrogen phthalate was used to calibrate the TC measurements 
whereas sodium carbonate and sodium hydrogen carbonate were used in IC calibration curves. 
All the standard solutions were prepared with water purified in a Millipore Milli-Q system and 
filtered through 0.45 µm pore size Nylon filter (Millipore) before analysis.  

The measurement of TOC was mainly required in order to evaluate the mineralization 
process of the herbicides during the oxidation process. For sample measurement, 0.45 µm pore 
size Nylon syringe filters (Albet) were also used. When reactants could not be separated from 
solution (e.g., experiments containing ozone, iron and hydrogen peroxide) the TOC 
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measurements had to be performed directly after sampling. Each sample was injected at least 
twice to obtain a coefficient of variance of less than 2% for TOC measurement.  

 

5.1.2. Chemical Oxygen Demand (COD)  

The Chemical Oxygen Demand (COD) estimates the amount of organic matter present in 
an aqueous solution that is subject to oxidation by a strong chemical oxidizer. The measured 
COD is expressed in mg·L-1 (the O2 needed to produce the stoichiometrical oxidation). The test 
was carried out in accordance with Standard Methods following the closed reflux method [10] 
commercially available from Hach Co. This analysis carried out the digestion of the sample at  
150 oC for two hours. The digestion solution (also available from Hach Co.) consisted of an 
excess of potassium dichromate in presence of sulphuric acid and silver sulphate as catalyst. 
Mercury sulphate was also included to avoid the interference of oxidized chloride. Equation 2.23 
shows the reduction of dichromate ion to oxidise organic matter. 

 Cr2O72- + 14 H+ + 6 e- → 2 Cr3+ + 7 H2O (2.23) 

0-150 mg·L-1 and 0-1500 mg·L-1 range Aqualytic® vials were used in this study. During 
the digestion process, the organic matter was oxidized and the yellow dichromate was reduced to 
the green chromic ion. After this process, the vials were cooled to room temperature. Parallel to 
the determination of the COD content of a determined sample a blank was carried out with 
purified water. The amount of COD was colorimetrically determined at 420 nm by measuring the 
amount of chromic ion produced using a spectrophotometer (HACH DR/2000). The HACH 
spectrophotometer was calibrated to directly provide the COD value. The accuracy of the 
measurements was checked by preparing a potassium hydrogen phthalate standard. The 
tolerance of the method was estimated by Hach Co. as ± 3.5%. 

COD interference due to H2O2 oxidation was subtracted for final result (see Section 5.1.4 
for H2O2 quantification). On the other hand iron interference was discarded since Fe2+ 
concentration used was very low in all the processes. Even considering all the iron in its reduced 
form, the COD contribution of a 15.9 mg·L-1 Fe2+ initial dosage (the higher one employed) would 
not be higher than 2.3 mg·L-1.   
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5.1.3. O3 measurements in gas phase  

A spectrophotometric determination was performed to quantify the amount of ozone in 
gas phase. This measurement was conducted in the UV range by means of a gas Erwing Sander 
Quantozone-1 ozone meter able to detect 0-200 mg·m-3 of O3. The maximum of the absorption 
coefficient of ozone is located at 253.7 nm and the relation between the absorption coefficient 
and ozone concentration was calculated according to the Lambert-Beer law.  

 cbA ××= ε  (2.24) 

Where A is the absorbance, ε is the molar absorbtivity with units of L·mol-1·cm-1, b is the path 

length of the cuvette in which the sample is contained, expressed in cm and finally, c is the 
concentration of the compound in solution, expressed in mol·L-1. 

As an alternative to this method, iodometric measurements were also carried out [11]. In 
this analysis, the gas was bubbled for 2 minutes through 100 mL of KI (0.120 mol·L-1) buffered 
with Na2HPO4 (0.041 mol·L-1) and NaH2PO4·2H2O (0.026 mol·L-1). Potassium iodide reacted with 
ozone generating iodine following Equation 2.25. After acidification with 5 mL of H2SO4, the 
iodine formed in the KI solution was titrated with a standardized tiosulphate solution (Equation 
2.26) 

 O3 + 2 I- + 2H+ → I2 + O2 + H2O (2.25) 

 I2 + 2 S2O32- → 2 I- + S4O62- (2.26) 

The ozone flow was measured using Equation 2.27 and was expressed in mg·min-1 
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Where the −2
32OSV is expressed in mL, the −2

32OSC in eq·L-1, 
3OMW  in g·mol-1 and the contact time  

(tc ) is expressed in minutes. 
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5.1.4. H2O2 measurement by iodometric titration 

The H2O2 quantification was performed by means of iodomety [12]. In this case, iodine 
was generated from the reaction between KI and H2O2 in an acidic media and under the 
presence of ammonium molybdate as catalyst. The test was carried out as follows; 10 mL of the 
hydrogen peroxide solution was transferred to 100 ml of purified water. After that 10 mL of 2 M 
sulphuric acid, 10 mL of potassium iodide 1 M solution, and 2 ml of 50 g·L-1 ammonium 
molybdate solution were sequentially added (reaction 2.28). After 5 minutes keeping the sample 
in the dark, the liberated iodine was titrated with standard 0.05 M sodium thiosulphate (reaction 
2.26). To determine the end of the titration process, starch solution at 1% was used.   

 H2O2 + 2 I- + 2 H+ →  I2 + 2 H2O (2.28) 

 I2 + 2 S2O32- → 2 I- + S4O62- (2.26) 

The amount of H2O2 was calculated with the following equation and expressed in mg·L-1 
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Where the −2
32OSV is expressed in mL and the −2

32OSC  in mol·L-1 and 
2OH2

MW in g·mol-1.  

The H2O2 quantification was required not only to determine the state of the mineralization 
process but also to perform some analytical tests. For instance, H2O2 was an important 
interference when COD was evaluated. Moreover, this toxic compound had to be eliminated prior 
to perform any biological analysis. H2O2 was eliminated by adding two times the stoichiometric 
demand of sodium sulphite to reduce all the H2O2 present in solution as explained in Section 
2.2.1.  
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5.1.5. NH4
+ measurement 

To measure the amount of ammonia generated along the mineralization process, the 
Nessler method and an ammonium electrode were used.  

 

5.1.5.1. Nessler method 

The Nessler method is based on the reaction between ammonium and potassium 
tetraiodomercuriate (II), the later (Nessler reagent), being formed on site from mercury (II) 
chloride in alkaline potassium iodide media [13]. Then, the Nessler reagent complexes with 
ammonium ions as follows 

  NH4+ + 2 [HgI]2-+ 4 OH-→ HgOHg(NH2)I + 7 I- + 3 H2O (2.30)                         

Ammonium was measured by adding 2 mL of Nessler reagent to 5 mL of sample. After 

10 minutes the absorbance was measured at 425 nm using a light path of 1 cm (Heliosγ from 

Thermo Electron Corporation). The relation between the absorption coefficient and ammonium 
concentration was calculated with the Lambert-Beer equation (Equation 2.24).  

To prepare the Nessler reagent, the following procedure was followed. First, 2.2 g HgCl2 
and 5 g KI were dissolved in a small quantity of water. Then this mixture was added, slowly and 
stirring, to a cool solution of 4 g NaOH dissolved in less than 50 mL of water. The final solution 
was diluted to 100 mL and stored out of sunlight to maintain reagent stability. Sample 
pretreatment with zinc sulphate and alkali was needed to precipitate the iron when treating with 
Nessler reagent. A calibration curve was prepared with a NH4Cl standard solution.  

 

5.1.5.2. NH4
+ electrode  

An Orion 95-12 Ammonia Electrode and Crison pH/mV meter readable to 0.1 mV were 
used to measure the amount of ammonia generated along the mineralization process. 
Ammonium ion was measured after conversion to ammonia. The sensor consisted of a 
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hydrophobic gas-sensing membrane in order to separate the sample from the internal solution of 
ammonium chloride. The ammonia generated by increasing the pH of the sample entered the 
internal solution. The pH of ammonium chloride changed and this change was detected by means 
of a pH electrode. Ag/AgCl electrode was used as reference. A calibration curve was prepared 
with a NH4Cl standard solution. During both, calibration and measurement stirring had to be low 
and constant. The log [NH3] was plotted versus measured potential and the concentration of 
ammonium in the samples was calculated by interpolating the calibration curve.   

 

5.1.6. Chromatographic methods 

5.1.6.1. Reverse Phase HPLC-UV  

Reverse Phase High Performance Liquid Chromatography (HPLC) coupled to UV 
detector was used to follow the degradation of the model compounds studied. The UV 
identification was possible because initial pesticides absorbed light of wavelength larger than 200 
nm as shown in Table 2.3.  

 
Table 2.3 HPLC-UV elution and detection conditions of target compounds 

Herbicide Wavelength (nm) Mobile phase 

Alachlor 225 acetonitrile/water  (60/40) 

Atrazine 240 acetonitrile/water  (50/50) 

Chlorfenvinphos 240 acetonitrile/water  (60/40) 

Diuron 254 acetonitrile/water  (50/50) 

Isoproturon 236 acetonitrile/water (50/50) 

Linuron 254 acetonitrile/water  (50/50) 

pentachlorofenol 220 methanol/water pH 3 (80/20) 

 

The chromatographic system employed consisted of a LC-10 AT VP pump (Shimatzu) 
and a UV-Visible diodearray detector (Agilent 1100 Series). The stationary phase was a C18 
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Hypersil ODS Teknokroma column (4.6 × 250 mm × μm). The whole system control and the data 
evaluation were managed via a PC interface with Agilent ChemStation® software.  

The mobile phase, that flowed at 1 mL·min-1, was selected for the different herbicides 
depending on their intrinsic properties. Table 2.3 shows the conditions used for the seven 
herbicides studied. The mobile phase was degassed by sonication and filtered (0.45 μm Nylon 
filter, Millipore) before using. Prior to injection, samples were filtered through 0.20 μm Nylon 
syringe filters (Albet).  

 

5.1.6.2. Reverse Phase UPLC-MS  

Reverse Phase Ultra Performance Liquid Chromatography (UPLC) was used in 
publication a1.1 to identify by-products generated along the mineralization of Diuron and Linuron. 
The main differences between HPLC and UPLC are based on the length of the column employed 
as well as the pressure required to carry out the separation. Separation of first oxidation by-
products along the herbicides mineralization was performed with an AcquityTM UPLC from 
Waters. The system was equipped with a UPLCTM BEH C18 capillary column (2.1 × 100 mm × 1.7 
μm). The injection volume was 4 μL and temperature was not controlled. Two mobile phases 
were used; A) acetonitrile and B) acetonitrile (10%), water and formic acid (0.1%). The 
composition of the mobile phase changed according to the following gradient: 20% of A was 
maintained for 4 minutes. From 4 to 5 minutes, B was steadily increased to attain the 95%. 
Finally, the mobile phase returned to the initial composition until the end of the run (6 minutes). 
Prior to injection, samples were filtered through 0.20 μm PVDF syringe filters (Whatman).  

The identification of by-products was performed with a mass spectrometer Quattro 
Premier -Micromass- also from Waters. Mass spectra were obtained by electro-spray ionization 
(ESI) in negative mode. Cone voltage of 25 V in full scan mode (40-380 m/z) and 23 V in the Multi 
Residual Monitoring mode (MRM) were used under the following conditions: source temperature: 
120 oC, cone gas flow: 20.5 mL·min-1. When sample concentration was required, OASIS HLB 6cc 
cartridges were used for solid phase extraction and ethanol was used as eluent. Mass spectra 
obtained from those experiments are presented in the Annexe 2. 



                                                                                      CHAPTER 2 -Materials and Methods- 

 - 87 -

5.1.6.3. Hydrophilic Interaction HPLC (HILIC-MS) 

Small polar compounds were supposed to be generated at the end of the mineralization 
of most organic compounds. As explained in Chapter 1, Section 6.3. Hydrophilic Interaction 
Liquid Chromatography (HILIC) coupled to a mass spectrometer is a suitable method to analyze 
this type of compounds. HILIC was used to identify final by-products in the degradation of Diuron 
and Linuron.  

The experimental setup was formed by a liquid chromatograph (Agilent 1100) equipped 
with a diol column (Nucleosil 4 × 150 mm × 7μm). The injection volume was 5.00 μL and 
temperature was not controlled. The mobile phase consisted of A) acetonitrile and B) 20 mM 
aqueous ammonium formate, the pH of which was adjusted to 3.3 with formic acid (B). The 
composition of the mobile phase changed following the next gradient: 95% of A was maintained 
for 3 minutes, and then it changed from 95% to 50 % in three more minutes. After that, A steadily 
decreased to 20 % up to minute 10. From 10 to 14 minutes the composition was kept stable at 
20% A. Finally from 14 to 30 minutes the mobile phase returned to initial conditions. Prior to 
injection, samples were filtered through 0.20 μm Nylon syringe filters (Albet). An Esquire 3000 
(Bruker) detector with electro-spray ionization (ESI) in positive mode was used in scan mode (50-
200 m/z) under the following conditions: nebuliser pressure: 60. psi, drying gas flow: 10 mL·min-1, 
drying gas temperature: 360 oC, capillary voltage: 5000V. Mass spectra obtained from those 
experiments are presented in the Annexe 2. 

 

5.1.6.4. Gas chromatography (GC-MS) 

To identify other by-products generated during the mineralization process of Diuron and 
Linuron herbicides, Gas Chromatography coupled to mass spectrometry detector (GC-MS) was 
used. A previous solid phase extraction (Maxi-Clean C18 600 mg, Alltech) was carried out. A 
mixture of dichlormethane and ethyl acetate (1/1, v/v) was used to elute the products retained in 
the solid phase. This solution was concentrated under nitrogen flow for the by-products analysis. 
The GC-MS was performed using a HP 6890 series GC equipped with a MS detector (HP 5973). 
The system was equipped with a HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm), splitless 
injection, and helium was used as carrier gas flowing at 1 mL· min-1. The GC oven temperature 
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was programmed to initially hold at 50o C for 3 min, then to increase from 50o C to 275 oC at a 
rate of  5 oC·min-1 and to hold at 275 oC for 15 min. The injector and interface temperature were 
kept at 250 oC. Mass spectra were obtained by the electron-impact mode (EI) at 70eV, using 
scan mode (30-800 m/z) under the following conditions: pressure: 7.63 psi, purge flow: 26.5 
mL·min-1, purge time: 1 min. Mass spectra obtained from those experiments are presented in the 
Annexe 2. 

 

5.1.6.5. Ion Chromatography (IC) 

Cl- and NO3- ions generated along the mineralization process of Diuron and Linuron were 
analyzed with a Dionex DX120 Ion Chromatograph (IC) equipped with a conductivity detector 
using an IonPac® AS19 anion-exchange column (4 × 250 mm) as stationary phase. A gradient of 
KOH in water (10 mM from 0 to 10 min and then increasing to 45 mM from 10 to 25 min) was 
used as mobile phase. The flow rate was 1 mL·min-1 and the injection volume was 500 μL.  

For the determination of short chain acids (oxalic, acetic and formic acids) the same 
system was used but the gradient was changed (10 mM from 0 to 10 min and then increasing to 
58 mM from 10 to 40 min). Before measurement the sample was filtered through 0.45 μm 
cellulose acetate filters (Sartorius, Ministar). 
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5.2. Biological analysis  

5.2.1. Toxicity evaluation by BioToxTM (EC50) 

The commercial BioToxTM test is based on the inhibition of the light emission of 
luminescent bacteria Vibrio fischery due to the toxic properties of a sample. In concrete, the 
method used measures the concentration that causes the death of 50% of the bacteria population 
after a specific time of bacteria-toxic contact (effective concentration giving 50% inhibition of light 
output EC50, expressed in mg·L-1). The toxicity evaluation was quantified according to ISO 11348-
3 [14]. 

The procedure to obtain EC50 was as follows. For sample preparation iron, TiO2, O3 or 
H2O2 were previously removed before carrying out the experiment. To eliminate iron from solution 
pH was increased until 11 and, after iron precipitation, the sample was filtered through a 0.20μm 
Nylon syringe filter. On the other hand, TiO2 was directly removed from solution by filtering the 
sample through a 0.20μm Nylon syringe filter. H2O2 was eliminated by adding catalase to the 
solution and O3 was removed by bubbling air to the phototreated solution. Once the sample did 
not contain any impurities, the pH was adjusted to 7.0±0.2. During pH adjustment, the volume of 
the sample should not increase more than 5% in volume. After that, the salinity of the sample was 
adjusted with NaCl to 2% (w/v). Samples were kept at 15 oC until the beginning of the experiment 
(Biocold, Selecta). 

To reconstitute Vibrio fischery, the reagent diluent, also included in the BioToxTM kit and 
previously cooled at 4 oC, was added to the microorganisms. This reconstituted reagent was 
equilibrated at 4 oC for 30 minutes and then at 15 oC for 15 more minutes. After that time, 0.5 mL 
of the final bacteria suspension was pipetted in the polystyrene cuvettes required to run the test 
and was stabilized at 15 oC for at least 15 more minutes.  

The EC50 value was determined by combining different dilutions of the potential toxic 
sample with the bacteria. First, the luminescence intensity (IT0) of initial bacteria was measured 
and immediately 0.5 mL of sample was added to the bacteria solution. After the selected contact 
time (i.e., 15 minutes), the luminescence intensity (IT15) was measured again. The inhibitory 
effect of dilution was compared to a control free of toxic sample (IC0 and IC15). In this way, the 
percentage of inhibition (%INH) was calculated as follows 
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%INH value was plotted against the dilution factor and the curve obtained was used to 
calculate the EC50 value of the sample. The EC50 was directly provided by the BioToxTM software. 
The software determined the value by using standard linear regression analysis. If the value was 
out of the linearized range, the EC50 was graphically determined by using a double logarithmic co-
ordinate system.   

 

5.2.2. Biochemical Oxygen Demand (BOD) 

The Biochemical Oxygen Demand (BOD) estimates the amount of biologically 
degradable organic matter present in a given volume of water at defined temperature over a 
specified time period and is expressed in mg·L-1. This parameter usually reflects the amount of 
oxygen consumed by aerobic bacteria in five days (BOD5) of organic matter degradation at 20 oC.  

The BOD5 test was performed by means of an Hg free WWW 2000 OxiTop® system by 
measuring differences in pressure via electronic sensors as a result of oxygen consumption. The 
procedure to obtain BOD5 was as follows. Before starting, a buffered solution and additional 
nutrients were prepared. The buffered solution consisted of 6.8 g·L-1 Na2HPO4 and 2.8 g·L-1 

KH2PO4. The different nutrient solutions were prepared separately; 22.5 g·L-1 MgSO4·7 H2O, 27.5 
g·L-1 CaCl2, 0.15 g·L-1 FeCl3 and 2.0 g·L-1 NH4Cl [15].  

To seed the wastewater with microorganisms, 100 g of garden ground was dissolved in 
1L water to obtain the bacteria solution. After 10 minutes, 10 ml were withdrawn from the 
supernatant and diluted to 1L with Cu free water. A solution of glutamic acid (150 mg·L-1) and 
glucose (150 mg·L-1) neutralized at pH=7 by adding KOH was used as control (BOD5=220 mg·L-1).  

Depending on the range of BOD estimated in the experiment, the total volume of the 
BOD bottle was different. Table 2.4 summarizes this relation between BOD and volume. The 
BOD reading should be multiplied by the selected factor depending on this relation. 

 



                                                                                      CHAPTER 2 -Materials and Methods- 

 - 91 -

Table 2.4 Relation between BOD value and sample volume 

 

 

Expected values of BOD5 of herbicides were lower than 40 mg·L-1, therefore the volume 
selected to carry out experiments was 432 mL. On the other hand 164 mL were required to run 
the control experiment (glucose/glutamic acid). 

Prior to samples seeding, O3 or H2O2 were removed when present in solution. To 
eliminate H2O2 sodium sulphite was added as explained in Section 2.2.1. O3 was removed by 
bubbling air to the phototreated solution. Then, the pH was adjusted to 7.0±0.2. After that, 4 mL 
of buffered solution, 800 μL of each nutrient solution and 50 mL of microorganism solution were 
added to a well aerated sample obtaining a final volume of 432 mL. When control sample was 
prepared, 1.25 mL of buffer solution, 250 μL of each nutrient solution and 20 mL of 
microorganism solution were added to the well aerated glucose/glutamic acid solution obtaining 
164 mL as final volume. The aeration was required to assure sufficient dissolved oxygen in the 
sample during microorganism incubation. A blank run was also carried out in all the experiments 
to determine the residual BOD5 produced by the microorganism. To run the blank, 4 mL of 
buffered solution and 762 μL of each nutrient solution were added to 432 mL of microorganism 
solution. Nitrification was inhibited in all the experiments by adding 10 mg·L-1 of N-Allylthiourea. 
All the solutions were prepared and analyzed at least twice. When the bottles were filled, 2 NaOH 
tablets were added in a rubber quiver to remove carbon dioxide, thereby eliminating some of the 
potential for algae growth that could render erroneous data. Finally the bottles were sealed with 
the OxyTop® membrane. Zero was reset and bottles were kept in the incubator thermostatically 
controlled at 20 oC with constant agitation for 5 days. Results were directly obtained from the 
OxyTop® system. The result was corrected by subtracting the reading obtained from the blank 
and also by recalculating the initial sample volume.  

Sample volume (mL) Measuring range 
(mg·L-1) Factor 

432 0-40 1 
365 0-80 2 
250 0-200 5 
164 0-400 10 
97 0-800 20 

43.5 0-2000 50 
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5.2.3. Zahn-Wellens inherent-biodegradability test 

The purpose of the Zahn-Wellens static test is the evaluation of the potential inherent 
biodegradability of water-soluble non-volatile organic matter when exposed to relative high 
concentrations of microorganisms. The biodegradability was investigated under aerobic 
conditions according to OECD Guideline [16]. 

The microorganisms used in this test were obtained from the aerobic stage of a full-scale 
urban WWTP in Manresa (Spain). A nutrient solution was prepared by dissolving 3.85 g NH4Cl, 
3.34 g NaHPO4· 2H2O, 0.84 g KH2PO4 and 2.175 g K2HPO4 in 100 mL of deionised water.  

Three vessels were set. The first one contained 2 L of wastewater (i.e., initial polluted 
effluent) whose pH was previously adjusted to 7.0±0.2.  2.5 mL·L-1 of nutrient solution and 0.6 
g·L-1 dry matter activated sludge were added to the final mixture. A blank was run in the second 
vessel. This vessel contained 2 L of Cu free water, 2.5 mL·L-1 of nutrient solution, and 0.6 g·L-1 

dry matter activated sludge. Finally the third vessel, containing a pulse of ethylenglycol solution, 
nutrients and microorganisms, was run as control to assess the activity of the biomass. 

  The test vessels, working at room temperature, were agitated with magnetic stirrers and 
covered from any external light. Air was flowed into the reactor by means of a non controlled 
glass air diffuser for 28 days. TOC was measured daily by centrifuging a sample withdrawn from 
the vessel. Water losses from evaporation, which could be a source of experimental errors, were 
made up just before each sampling by adding deionised water in the required amount. Moreover, 
pH was controlled daily and, if necessary, readjusted to pH 7.0±0.2. 

Physico-chemical adsorption onto the microorganisms was evaluated by taking samples 
after 3 hours of test time. The Biodegradability in the Zahn-Wellens test was calculated as follows 

 1001 ×⎥
⎦
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⎝

⎛
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CCD  (2.33) 

Where Dt is the percentage of biodegradation, CA the TOC value in the test mixture three hours 
after the beginning of the test, CT the TOC value in the test mixture at time of sampling, CB the 
TOC value of the blank at time of sampling and, finally, CAB is the TOC value of the blank 
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measured three hours after the beginning of the test. The percentage of biodegradability was 
plotted against the time to give the biodegradability curve. 

 

5.2.4. Respirometry 

The respirometric assay was used to investigate the Oxygen Uptake Rate (OUR). The 
OUR gives an idea of the rate of oxygen consumption by the biomass when assimilating organic 
matter. This measure is defined as the amount of oxygen consumed per time unit. Furthermore it 
is a rapid and straightforward method for the evaluation of the biodegradability and toxicity of a 
particular wastewater. 

 The measurements were carried out by controlling the oxygen input and output in a 
biological reactor (i.e., respirometer) at 25.0±0.2 oC by following Standard Methods [17]. A liquid-
static-static (LSS) respirometer was used in this work. In this type of reactor, the oxygen measure 
was performed in the liquid phase by keeping under static conditions the liquid and gas phase. 
Figure 2.4 shows the LSS respirometer.  

 

 

 

 
Figure 2.4 Experimental LSS respirometer 

The variation of dissolved oxygen (DO) was plotted versus time and the OUR was determined as 
follows 

 dtSVd oL )( ×  = -OUR LV×  (2.34) 

Where VL is the volume of liquid phase expressed in m3 and So is the concentration of dissolved 
oxygen expressed in kg DO· m-3. Finally, OUR is expressed in kg·DO·m-3·s-1. 

Air 
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The activated sludge used as inoculum of the respirometer was directly obtained from the 
aerobic stage of a full-scale urban WWTP in Manresa (Spain). Initial TSS value was between 
3000 and 4000 mg·L-1. 250 mL of activated slugged suspension were placed in the reactor and 
air flowed until dissolved oxygen reached 7 mg·L-1. After that, the air diffuser was removed from 
solution and the reactor was closed. The OUR of the microorganisms in absence of any nutrient 
(OUR endogenous) was measured by plotting the DO vs time. The measurement of OUR 
endogenous was required prior to any measurement, then the exogenous consumption of the 
organic matter of the sample was determined as  

 OURexogeneous= OURsample–OURendogenous (2.35) 

From now on, the OUR of a sample is referred to its OURexogenous. 

Quantification of OUR corresponding to a completely biodegradable standard (acetic 
acid) was carried out and used as a reference (OURst) to compare with the OUR of an herbicide 
sample of the same COD content. In this way, biodegradability was assessed. A pulse of acetic 
acid was firstly added and OURst was calculated until this product was completely assimilated by 
the biomass. After that, the biomass was settled down and 125 mL of supernatant were replaced 
by the herbicide solution. Concentration of herbicide was reduced to half with this process. When 
feeding the respirometer with phototreated solutions, the elimination of H2O2 and O3 was 
required.  To eliminate H2O2 sodium sulphite was added as explained in Section 2.2.1. O3 was 
removed by bubbling air to the phototreated solution. Then, the pH was adjusted to 7.0±0.2. 
Finally OUR of the herbicide was measured and biodegradability was calculated as follows 
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Toxicity was also evaluated by means of respirometry [18]. To assess toxicity, the OUR 
of a new acetic acid solution (2nd OURst) once the biomass had been in contact with the potential 
toxic solution was measured. If the solution did not have a toxic effect on the biomass, the OUR 
of the same biomass exposed for a second time to acetic acid (2nd OURst) would be the same as 
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the OUR of the same reference solution in contact with the fresh biomass (1st OURst). Thus, 
toxicity was calculated as follows 

 100
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5.2.5. Total and Volatile Suspended Solids (TSS, VSS) 

Total and Volatile Suspended Solid (TSS and VSS) were required in order to characterize 
the biomass. These measurements were carried out according to Standard Methods [29, 20].  

TSS corresponds to suspended matter with a diameter higher than 20 μm. To perform 
this analysis a homogenized sample was filtered through a weighted glass-fibre filter (Albet FV-C) 
and the residue retained in the filter was dried at 103-105 oC for 1 hour. After cooling to room 
temperature in a dissector, the filter weight increase corresponds to the TSS value.  

 1000
V

WWTSS BA ×⎟
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⎞

⎜
⎝
⎛ −

=  (2.38) 

Where WA is the weight of dried residue and dried filter and WB is the weight of dried filter both 
expressed in mg. V is the volume of the sample expressed in mL. 

To estimate the amount of VSS the weighed filter with the residue was ignited at 500 oC. 
The remaining solid represents the Fixed Total Solids while the weight lost on ignition was the 
VSS. This determination offered a rough approximation of the amount of activated sludge in 
solution and was calculated as follows  

 1000
V

WWVSS CA ×⎟
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⎞

⎜
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⎛ −

=  (2.39) 

Where WA is the weight of residue before ignition and Wc the weight of residue after ignition both 
expressed in mg. V is the volume of the sample expressed in mL. 
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6. Life Cycle Assessment (LCA) 

The Life Cycle Assessment (LCA) was used in this study to compare, from an 
environmental point of view, different small-scale wastewater treatments. For the application of 
the LCA tool, the ISO 14040 Standard was used [21]. As already mentioned in the introduction 
(Chapter 1, Section 7), the ISO 14040 Standard determines four basic stages for LCA studies 
that are; goal and scope, inventory analysis, impact assessment and the interpretation. For the 
application of the LCA methodology SimaPro 7.0 s using mainly the Ecoinvent database version 
1.2 was used [22]. 

The scope of the LCA performed in this study is to compare different wastewater 
treatment-based AOPs. The functional unit enabled different systems to be treated as functionally 
equivalent and allowed reference flows to be determined for each of them [24]. Thus, in order to 
compare different scenarios, a functional unit was selected. The information about the scope of 
the study is widely described in the second work accepted for publication presented in Annexe 1 
of this thesis. 

The inventoried data, which corresponded to the inputs and outputs of the system, was 
classified considering the potential environmental impacts categories included in the CML 2 
baseline 2000 method [23]. The impact categories contemplated in this work were the following:  

- Abiotic Resource Depletion (ARD), which are natural resources (including energy 
resources) which are regarded as non renewable in a short term, 

- Global Warming Potential (GWP), which refers to the impact of human emissions on the 
radiative forcing of the atmosphere, 

- Ozone Depletion Potential (ODP), which refers to the thinning of the stratospheric ozone 
layer as a result of anthropogenic emissions, 

- Human Toxicity Potential (HTP), which covers the impacts on human health of toxic 
substances present in the environment, 

- Freshwater Aquatic Toxicity Potential (FATP), which refers to the impacts of toxic 
substances on freshwater aquatic ecosystems, 

- Marine Aquatic Ecotoxicity Potential (MAEP), which refers to the impacts of toxic 
substances on marine aquatic ecosystems, 
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- Terrestrial Ecotoxicity Potential (TEP), which refers to the impacts of toxic substances on 
terrestrial ecosystems, 

- Photochemical Oxidation Potential (POP), which refers to the formation of photooxidants 
such as ozone by the action of sunlight on certain primary air pollutants, 

- Acidification Potential (AP), which contains a wide variety of impacts on soil, 
groundwater, surface waters, biological organisms, ecosystems and materials due to 
acidifying pollutants such as SO2, NOx and NHx, 

- Aquatic Eutrophication Potential (AEP), which covers all potential impacts of excessively 
high levels of macronutrients, the most important of which are nitrogen and phosphorous.  
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1. Main results and discussion 

This doctoral dissertation is presented in the form of a compendium of articles which 
have already been published (see later in the chapter). Consequently only the most significant 
results are highlighted in order to summarize the accomplished goals. Each publication is 
commented on individually enclosing all of them in a same general context; the coupling of AOPs 
with biological treatment for the remediation of water polluted with herbicides. 

 

Publication 1 

- Farré M.J. et al. (2005). Degradation of some biorecalcitrant pesticides by homogeneous 
and heterogeneous photocatalytic ozonation. Chemosphere. 58, 1127-1133. 

The starting point for this experimental work was the selection of an effective Advanced 
Oxidation Process (AOP) for the removal of different herbicides from water. The herbicides 
investigated were Alachlor (50 mg·L-1), Atrazine (35 mg·L-1), Chlorfenvinphos (50 mg·L-1), Diuron 
(42 mg·L-1), Pentachlorophenol (50 mg·L-1), and Isoproturon (50 mg·L-1). All considered Priority 
Hazardous Substances by the Water Framework Directive of the European Commission [1]. The 
tested AOPs were photo-Fenton, TiO2-photocatalysis, Ozone/UV, photo-Fenton/ozone and TiO2-
photocatalysis/ozone all performed under similar experimental conditions previously imposed to 
attain the goals of a wider project where this work was enclosed (EC CADOX, EVK1-CT-2002-
00122) (i.e., T=25 oC and pH=3 except for Pentachlorophenol for which the initial pH was 7 to 
increase the solubility of this herbicide in water). The photo-Fenton reagent concentrations were 
[Fe2+]=2 mg·L-1 and [H2O2]=200% stoichiometric amount necessary for the complete 
mineralization of parent herbicide. On the other hand, [TiO2]=250 mg·L-1 was used in 
heterogeneous photocatalysis tests. Finally, the ozone flux was adjusted to 1.6 g·h-1 when 
necessary. A UVA black light, with a measured intensity of 0.21 mW·cm-2, was employed as 
photon source.  

Results obtained from mineralization of herbicides solutions are shown in Table 3.1. The 
presented values correspond to the percentage of Total Organic Carbon (TOC) removal after 75 
minutes of photo-treatment time. 
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Table 3.1. % of TOC removal after 75 minutes of AOPs application to solutions of Alachlor (50 mg·L-1), Atrazine (35 
mg·L-1), Chlorfenvinphos (50 mg·L-1), Diuron (42 mg·L-1), Pentachlorophenol (50 mg·L-1) and Isoproturon (50 mg·L-1) 
T=25 oC, pH=3 except for Pentachlorophenol pH=7.  [Fe2+]=2 mg·L-1 and [H2O2]=200% stoichiometric demand. 
[TiO2]=250 mg·L-1. [O3]=1.6 g·h-1. I=0.21 mW·cm-2. 

 photo-Fenton TiO2-photocatalysis ozone/UV 
photo-

Fenton/ozone 
TiO2-

photocatalysis/ozone 

Alachlor 2±1 -(*) 20±3 50±3 40±4 
Atrazine 5±1 -(*) -(*) 25±3 8±3 
Chlorfenvinphos 20±2 25±2 50±2 78±4 42±3 
Diuron -(*) -(*) 30±3 69±3 45±3 
Isoproturon -(*) -(*) 20±2 60±3 45±4 
Pentachlorophenol 15±5 -(*) 60±5 90±5 50±3 

  n=3, α=95. (*) Negligible mineralization 

The low percentages observed on TOC removal when herbicides were treated with 
photo-Fenton and TiO2-photocatalysis were probably obtained due to the low Fenton reagents 
concentration utilized (i.e., [Fe2+]=2 mg·L-1) and the low intensity of the photon source employed 
(i.e., 0.21 mW·cm-2). Nevertheless, higher mineralization yields were obtained when adding 
ozone to both techniques (see Table 3.1). Furthermore, initial biorecalcitrant herbicides 
disappeared after a few minutes of the photo-Fenton/ozone and TiO2-photocatalyisis/ozone 
process as shown in Figure 3.1.  

 

 

 

 

 

 

 

  

Figure 3.1. Time course of the 
concentration of different herbicides in 
aqueous solutions during the 
application of a) photo-Fenton/ozone 

and b) TiO2-photocatalysis/ozone: (•) 

Alachlor, (■) Pentachlorophenol, (∆) 
Diuron, (□) Atrazine, (▼) Isoproturon 
and (o) Chlorphenvinphos. T=25 oC, 
pH=3 except pH=7 for 
Pentachlorophenol. [Fe2+]=2 mg·L-1, 
[H2O2]=200% stoichiometric amount 
necessary for the complete 
mineralization, [TiO2]= 250 mg·L-1 and 
ozone flux= 1.6 g·h-1 
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 Initial degradation rates of the aqueous herbicide solutions followed first-order reaction 
kinetics for photo-Fenton/ozone system, whereas when using TiO2-photocatalysis/ozone, zero-
order kinetics could be used to describe the initial degradation process [2, 3]. It was assumed a 
direct hydroxyl radical attack during the herbicides degradation mechanism, thus a first-order 
kinetic is consistent with a constant concentration of these radicals as a result of the photo-
Fenton process, the ozonation system, and the synergy of both methods. Hence, degradation 
rates were only pollutant concentration dependant. On the other hand, the zero-order kinetics 
obtained when TiO2-photocatalysis/ozone was used as degradation system were probably 
related to the slow radical production at the semiconductor surface (see Chapter 1, Section 
2.1.2.1.1).  

 Of these two degradation techniques, the photo-Fenton/ozone system gave optimal 
results concerning herbicide degradation (see Figure 3.1). Thus, this process was considered the 
most effective for a rapid removal of toxic and non biodegradable chemicals with relation to the 
other alternatives tested. As explained in the introduction, when coupling photo-Fenton and 
ozone systems HO· radicals production is increased due to the synergy between both methods 
(see Chapter 1, Section 2.1.2.2.2). Apart from radicals produced by the photo-Fenton and 
UV/ozone processes, when mixing both Fenton´s reagents and ozone, the HO· concentration 
increases as a consequence of Fe2+ oxidation by ozone as follows [4]. 

 Fe2+ + O3 → [FeO]2+ + O2 (3.1) 

 [FeO]2++ H2O → Fe3+ + HO· + HO-  (3.2) 

  

 As mentioned previously, although herbicides disappeared promptly from solution, large 
amounts of TOC remained dissolved after photocatalytic degradation. Depending on the 
biorecalcitrant character of the remaining TOC, a subsequent biological treatment could be used 
to completely eliminate organic matter from solution. In this way, the assessment of acute toxicity 
of phototreated effluents was performed as a first attempt to envisage a possible coupling 
between chemical and biological systems for the removal of herbicides from water. Acute toxicity 
was investigated by means of BioToxTM system which is based on the response of Vibrio fischery 
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microorganism. Preliminary results showed an acute toxicity increase during the first minutes of 
the mineralization process of all the selected herbicides, even so detoxification could be 
achieved before 100 minutes of photo-Fenton/ozone treatment for Diuron, Isoproturon and 
Chlorfenvinphos. On the other hand, the chemical treatment was not able to detoxify Atrazine 
and Alachlor solutions, at least at treatment times lower than 2 and 3 hours respectively. In the 
case of Pentachloropheol, non toxic solution was achieved after 30 minutes of chemical 
treatment. Nevertheless, it must be noted that after this time, the TOC reduction of 
Pentachlorophenol solution was 80%, thus making the quantitative determination of such 
parameter difficult.  

 In order to investigate a possible coupling between chemical and conventional biological 
processes more information concerning toxicity and biodegradability of phototreated effluents 
was required. In fact, some authors [5, 6, 7, 8] suggest that although Vibrio fischery is suitable as 
a screening test for toxic samples, it should not be used to determine the potential effect to the 
biomass present in a conventional biological treatment. In general, Vibrio fischery is more 
sensitive than the bacteria consortium present in an activated sludge and may give an 
overestimation of the acute toxicity effect (see Chapter 1, Section 6.1). Hence, publication 2 was 
focused on the evaluation of different methods to assess the required parameters, based on the 
direct response of activated sludge, to envisage a possible coupling between chemical and 
biological treatments. 

 

Publication 2  

-Farré et al. (2007). Biodegradability of treated aqueous solutions of biorecalcitrant 
pesticides by means of photocatalytic ozonation. Desalination. 211, 22-33. 

 The herbicides selected were Alachlor (50 mg·L-1), Atrazine (35 mg·L-1), Diuron (42 
mg·L-1), Pentachlorophenol (50 mg·L-1), and Isoproturon (50 mg·L-1). In agreement with results 
obtained from publication 1, the photo-Fenton/ozone system was the most effective method to 
degrade aqueous solutions of selected herbicides. Nevertheless, after the degradation of the 
initially toxic and non biodegradable parent compound, large amounts of TOC remained in 
solution.  
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 As emphasized before, depending on the biocompatibility of the remaining dissolved 
TOC, an economical biological treatment could be used to completely eliminate organic matter 
from solution, mimising in that way operational cost mainly related to the chemical process. 
Hence, ready biodegradability and acute toxicity of phototreated effluents was investigated by 
means of conventional analytical tests based on the evaluation of well-known parameters such 
as 5-days Biochemical Oxygen Demand (BOD5) and toxic effective concentration (EC50). 
Moreover, the estimation of real Wastewater Treatment Plant (WWTP) bacterial response to 
photodegraded effluents was accomplished by means of respirometric measurements of 
activated sludge.  

 A preliminary step was performed by measuring acute toxicity of the different initial and 
phototreated solutions by means of BioToxTM system. Results showed that after the 
disappearance of parent herbicides, toxicity decreased only for the Diuron polluted effluent while 
Isoproturon and Pentachlorophenol solutions showed a discrete improvement that could be 
within the experimental margin of error. Nevertheless, the toxicity of Isoproturon and 
Pentachlorophenol phototreated solutions was completely removed with longer pretreatment 
times. On the other hand, the toxicity of Alachlor and Atrazine phototreated solutions increased 
after parent compound removal and, even after 3 h of pretreatment both solutions remained toxic 
for Vibrio fischery. 

 Ready biodegradability of phototreated effluents was quantified by means of BOD5/COD, 
which is the most extensive index to quantify such parameter. A ratio higher than 0.4 is commonly 
accepted for completely biodegradable wastewater  while a value between 0.2-0.4 corresponds to 
partially biodegradable samples [9]. Results obtained after the disappearance of parent 
compounds showed that, with the exception of Pentachlorophenol, the BOD5/COD ratio 
increased reaching values close or above 0.4. Thus, it seemed that more biodegradable by-
products were generated along the mineralization process except for Pentachlorophenol solution.  

 As emphasized before, in order to evaluate the possible coupling between chemical and 
biological processes, real activated sludge from a WWTP was required. In this way, respirometric 
analyses were performed to initially polluted effluents and results were compared with those 
obtained with the Vibrio fischery test. The BioToxTM data indicated the following order of toxicity: 
Pentachlorophenol > Diuron > Isoproturon > Atrazine > Alachlor, while respirometric data gave 
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the order Pentachlorophenol > Alachlor > Atrazine > Isoproturon = Diuron. These differences 
were explained based on the different nature of the biological material used. BioToxTM utilized the 
seawater Vibrio fischery whereas respirometry used the bacterial consortium present in activated 
sludge. It is well known that the biological response induced in different living organisms 
challenged by a chemical substance is diverse because not all microorganisms respond to all 
toxic substances released in the same way [10]. On the other hand, the same low 
biodegradability was obtained with both respirometric and BOD5/COD tests. 

 When phototreated solutions were analysed by means of respirometry of activated 
sludge, Isoproturon and Diuron solutions remained non toxic, while Atrazine, Alachlor and 
Pentachlorophenol did. Thus, concerning toxicity, there was a reasonable agreement between 
the respirometric and the BioToxTM acute toxicity results. Comparing biodegradability of 
phototreated solutions by both, BOD5/COD and respirometric assays the same conclusions were 
obtained. Biomass was able to assimilate Diuron, Isoproturon, Atrazine and Alachlor but not 
Pentachlorophenol phototreated solutions. Nevertheless different values comparing 
biodegradability percentages were obtained with respirometric assays and the BOD5/COD ratio. 
The differences between those values could be explained because respirometric assays 
measure biodegradability in a short period of time (minutes), whereas the BOD5/COD ratio 
measures biodegradability in a five day scenario.  

 Finally, a possible coupling between chemical and biological treatments could be 
inferred for phenylureas Diuron and Isoproturon polluted effluents. For Pentachlorophenol, the 
remained TOC fraction in solution was non biodegradable, thus giving no chance to a possible 
coupled treatment without a stronger previous oxidation. Finally, with relation to Alachlor and 
Atrazine, toxic solutions were clearly obtained after parent degradation of initial polluted effluents. 
For these compounds, the AOP should also be extended in time to achieve detoxification.  
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Publication 3 

- Farré M.J. et al. (2006). Assessment of photo-Fenton and biological treatment coupling 
for Diuron and Linuron removal from water. Water Research. 40, 2533-2540. 

 In agreement with preceding results, the photo-Fenton/ozone system was the most 
effective AOP, among all the alternative processes tested, to remove the selected herbicides 
from water. Nevertheless, due to the high operational costs related to the ozone production (see 
Chapter 1, Section 2.1.2.2), and the numerous advantages concerning the photo-Fenton system 
(see Chapter 1, Section 2.1.1), the coupling between single photo-Fenton and biological 
treatment for the removal of herbicides from water was preferred. Diuron (42 mg·L-1) was 
selected as target compound to ascertain such a possible coupling. However, due to the low 
solubility of Diuron (i.e., TOCo=20 mg·L-1), Linuron herbicide (75 mg·L-1), with similar chemical 
structure, was added to the solution in order to increase the initial TOC concentration (i.e., 
TOCo=50 mg·L-1). In this way the target polluted effluent was a mixture of Diuron and Linuron, 
both phenylurea compounds.  

 There are two important factors affecting the rate of photo-Fenton reaction once the 
photon source is fixed: hydrogen peroxide and iron concentrations. The hydrogen peroxide is 
important in order to obtain quantitative degradation, while the iron concentration is important for 
the reaction kinetics [13]. However, the increase of the concentration of hydroxyl radical 
scavengers when an excess of reactants is added to the solution can be detrimental. Thus, the 
concentration of photo-Fenton reagents was optimized by means of multivariate experimental 
design.  

 Since the scope of the present study was the coupling between chemical and biological 
treatment, minimization of the former was required. In keeping with this, one hour of photo-
treatment time was fixed to perform all the degradation experiments and results were compared 
based on the percentage of TOC removal. Other parameters such as pH and temperature were 
also maintained constant (i.e., pH=2.8, T=25 oC). Figure 3.2 shows the surface response 
obtained from the photo-Fenton reagent optimization by means of multivariate experimental 
design at 95% of confidence level. The single polynomial expression obtained from the 
experimental design was shown through Equation 3.3. 
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 Y=-6.24 + 2.61 [Fe2+] - 0.00818 [H2O2] – 0.118 [Fe2+]2 + 0.00981 [Fe2+][H2O2] (3.3) 

 

Figure 3.2. The mineralization percentage (Y) surface of Linuron and Diuron solutions as function of the reactant 
dose after 1h of photo-Fenton pre-treatment. T=25 oC, pH=2.8. 95% confidence level. A: [Fe2+]=9.25 mg·L-1,  
[H2O2]=97.1 mg·L-1 (16% TOC removal); B: [Fe2+]=13.3 mg·L-1, [H2O2]=143 mg·L-1 (25% TOC removal); C: 
[Fe2+]=15.9 mg·L-1, [H2O2]=202 mg·L-1 (36% TOC removal); and D: [Fe2+]=20.0 mg·L-1, [H2O2]=250 mg·L-1,  

(46% TOC removal) 

 As seen in Equation 3.3, the percentage of TOC removal was mainly influenced by Fe2+ 
concentration. Nevertheless, a negative effect was observed when using a reagent overload, due 
to HO· scavenger side reactions that reduced the concentration of those radicals in solution (see 
Chapter 1, Section 2.1.1.1) [11]. From this experimental design, four different reactant dose 
combinations were considered (i.e., A, B, C and D), each one corresponding to the minimum 
quantities of Fe2+ and H2O2 needed to achieve a desired mineralization percentage. The selected 
doses were A: [Fe2+]=9.25 mg·L-1,  [H2O2]=97.1 mg·L-1 (16% TOC removal); B: [Fe2+]=13.3 mg·L-

1, [H2O2]=143 mg·L-1 (25% TOC removal); C: [Fe2+]=15.9 mg·L-1, [H2O2]=202 mg·L-1 (36% TOC 
removal); and D: [Fe2+]=20.0 mg·L-1, [H2O2]=250 mg·L-1 (46% TOC removal) 
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 TOC, Average Oxidation State (AOS), acute toxicity and ready biodegradability evolution 
were assessed in order to predict a possible AOP-biological coupling. Satisfactory results were 
obtained with C and D phototreated effluents, whereas further oxidation prior to biological 
treatment was envisaged for solutions treated with reagent doses A and B. Nevertheless, 
conclusive results were obtained after feeding a Sequencing Batch Reactor (SBR) with the 
phototreated effluents. In this step, phototreated effluent D was eliminated from the investigation 
because similar results to phototreated effluent C were obtained concerning TOC, AOS and 
acute toxicity, thus similar by-products generation after phototreatment of both solutions was 
assumed. TOC removal after coupling the photo-Fenton and biological system was analysed and 
results are shown in Figure 3.3. The remaining 13.6% obtained when coupling phototreated 
effluent C with biological treatment matched the concentration of residual TOC due to the 
biomass metabolism previously determined in a SBR start-up process. Therefore, 1 hour of 
photo-treatment time with photo-Fenton reagent dose C was considered adequate to produce 
biocompatible by-products that could be completely removed in a subsequent biological 
treatment. 
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Figure 3.3. Total TOC removal of polluted effluents using optimized photo-Fenton reagent doses in the chemical 

and biological coupled system by using a SBR. T=20 oC, HRT=2 days, VSSSBR=0.60±0.1 g·L-1 (A: [Fe2+]=9.25 mg·L-1,  

[H2O2]=97.1 mg·L-1; B: [Fe2+]=13.3 mg·L-1 , [H2O2]=143 mg·L-1; C:[Fe2+]=15.9 mg·L-1 , [H2O2]=202 mg·L-1). 
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Publication 4 

- Farré M.J. et al. (2007). Combined photo-Fenton and biological treatment for Diuron and 
Linuron removal from water containing humic acid. Journal of Hazardous Materials. In 
press. 

 A common source of highly polluted effluents with herbicides are lixiviates coming from 
agricultural fields which may contain dissolved organic matter (DOM), mainly humic substances. 
Thus, the elimination of Diuron and Linuron herbicides in the presence of DOM by means of 
coupling chemical and biological treatment was assessed. 

 From the previous publication, the treatment of water polluted with Diuron (42 mg·L-1) 
and Linuron (75 mg·L-1) herbicides by means of photo-Fenton process generated biocompatible 
by-products that were successfully removed in a subsequent SBR. Thus, photo-Fenton reagent 
dose C (i.e., [Fe2+]=15.9 mg·L-1, [H2O2]=202 mg·L-1) was used to degrade Diuron and Linuron 
herbicides in the presence of humic acid (HA, 200 mg·L-1). Preliminary research was focused on 
the TOC abatement when phototreating HA solutions. It was observed that TOC corresponding 
to HA did not decrease after the photo-Fenton process probably due to the low intensity of the 
light source used (i.e., 0.21 mW·cm-2). As a result, photodegradation of HA was discarded under 
the experimental conditions used in the present work (see Chapter 1, Section 5 for details about 
HA degradation). On the other hand, when different amounts of HA were added to the solution, it 
was observed that the more HA was present, the slower the degradation of pesticides until 
reaching a limiting value at approximately 200 mg·L-1 of HA. The decrease of herbicide 
degradation rates was probably explained by HA hydroxyl radical scavenging as well as a light 
screening effect.  

 The formation of biocompatible by-products, which could be successfully degraded in a 
subsequent biological treatment, was estimated after testing toxicity and biodegradability of the 
phototreated solution containing Diuron, Linuron and HA. Therefore, a SBR was used to carry 
out such estimation. Nevertheless, HA adsorption onto the biomass was observed and the 
characterization of this process was performed. A pseudo-second-order model was used to 
describe the kinetics of the biosorption process, whereas the Freundlich model was used to 
determine the isotherm constants. 
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 Finally, whilst feeding SBR with phototreated solution containing Diuron, Linuron and HA, 
complete removal of TOC related to by-products generated along the herbicides degradation was 
achieved. Figure 3.4 shows the results obtained from the SBR feeding. Residual TOC observed 
in Figure 3.4 corresponds to HA that was not biodegradable. Therefore, it can be inferred that the 
coupling between the photo-Fenton and biological treatment was able to eliminate Diuron and 
Linuron herbicides from solution also in the presence of HA. 
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Figure 3.4. TOC concentration at the end of the biological treatment for phototreated solutions containing (o) Diuron, 

Linuron and HA (200 mg·L-1), (•) HA (200 mg·L-1). T=20 oC, HRT=2 days. Stabilized VSSSBR=0.56±0.03 g·L-1 
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Unpublished results presented in Annexe a1.1 

- Farré M.J. et al. (2007). Evaluation of the intermediates generated during the degradation 
of Diuron and Linuron herbicides by the photo-Fenton reaction. Accepted for publication 
in Journal of Photochemistry and Photobiology A: Chemistry. 

The aim of this work was to enhance the knowledge about the chemical composition of 
the effluents treated with different photo-Fenton reagent doses (i.e., A, B and C from publication 
3), with the goal of understanding the diverse biodegradable properties of each solution as well 
as to determine a possible reaction pathway of Diuron and Linuron herbicides with hydroxyl 
radical.  

 Several analytical methods such as Reverse Phase Ultra Pressure Chromatography (RP-
UPLC /MS), Ion Chromatography (IC), and Gas Chromatography (GS/MS) were used to elucidate 
the degradation mechanism. Beyond conventional analytical methods, Hydrophilic Interaction 
Liquid Chromatography coupled with mass spectrometry (HILIC/MS) was used to identify small 
polar compounds produced along the mineralization process (see Chapter 1, Section 6.3 for more 
details about HILIC).  

Based on the results obtained concerning heteroatoms and short-chain acids as well as 
first and end by-products evolution, and in conjunction with results obtained by other researchers 
[12, 13, 14], improved pathways for Diuron and Linuron degradation by means of photo-Fenton 
reaction were proposed and are represented in schemes 3.1 and 3.2. It was found that along the 
oxidation process, the hydroxyl radical firstly attacked the aromatic ring and methyl group leading 
to the formation of more oxidized compounds with different biorecalcitrant nature. 1,1-
dimethylurea, methylurea, oxalic, acetic and formic acids  as well as 3,4-dichloroaniline, 3,4-
dichlorophenyl isocyanate among other minority compounds were detected during the 
mineralisation process.  

 Moreover, differences in biodegradability of phototreated effluents A, B and C seemed to 
be based on the presence of urea derivates (methylurea and 1,1-dimethylurea) and unidentified 
chlorinated compounds.  
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Scheme 3.2. Proposed degradation pathway of Linuron herbicide with hydroxyl radical 
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Unpublished results presented in Annexe a1.2 

- Farré M.J. et al. (2007). Life cycle assessment for the removal of Diuron and Linuron 
herbicides from water using three environmental friendly technologies. Accepted for 
publication in Environmental Technology. 

 Finally, the global environmental impacts of the proposed chemical/biological coupled 
system for the removal of Diuron and Linuron herbicides from water was performed by means of 
Life Cycle Assessment (LCA). Moreover, artificial light assisted single photo-Fenton process as 
well as simulated solar assisted single photo-Fenton process were also evaluated as techniques 
for treating wastewater. Finally, the three alternative processes were compared in terms of 
environmental impact. 

The inventory analysis necessary to perform LCA included the following information: (i) 
production of consumed electricity, including extractions of resources, transport, and electricity 
production, (ii) production of chemicals, including extractions of resources, production, and 
transport, and (iii) air and water emissions generated through the considered scenarios. The 
construction and end-of-life of the infrastructure required in each case was not considered. 
Among the most important hypothesis considered to perform the analysis, which are detailed in 
publication a1.2, the excess of sludge production when coupling photo-Fenton and biological 
treatment must be noted. Thus, a sludge treatment system composed of thickening, dewatering, 
stabilization, and final landfill disposal unit processes was considered. Moreover the main 
environmental emissions from the landfill were calculated according to ORWARE model [15].  

The impact assessment of inventoried data for the removal of Diuron and Linuron 
herbicides from water was classified considering the potential environmental impact categories 
included in the CML 2 baseline 2000 (see Chapter 2, Section 6). Figure 3.5 shows the 
environmental profile, that is, the characterization scores obtained for each treatment considered. 
In this figure, the highest environmental impact (that always corresponds to artificial light assisted 
photo-Fenton) was set to 100% for each category and the impacts associated to the solar 
assisted photo-Fenton as well as the photo-Fenton coupled to biological treatment were 
calculated according to this percentage. As can be seen from the environmental impact data 
graphically represented in Figure 3.5, the coupling of photo-Fenton and biological treatment was 
the most environmentally friendly process for the treatment of water polluted with both herbicides. 
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Specifically, the impacts associated to the coupled treatment are less than half of those related to 
artificial light assisted photo-Fenton process, except for aquatic eutrophication potential.  

 

 

 

 

 

 
 

 

Figure 3.5. General environmental impact data for the three water Treatments considered environmentally friendly. 
ARD: Abiotic Resource Depletion, GWP: Global Warming Potential, ODP: Ozone Depletion Potential, HTP: Human 
Toxicity Potential, FATP: Freshwater Aquatic Toxicity Potential, MAEP: Marine Aquatic Ecotoxicity Potential, TEP: 
Terrestrial Ecotoxicity Potential, POP: Photochemical Oxidation Potential, AP: Acidification Potential, AEP: Aquatic 

Eutrophication Potential. 

 

In order to identify the critical sub-systems associated to each treatment, an individual 
analysis for each alternative process and impact category was performed. Sub-systems were 
defined by grouping those processes inventoried by means of the same source of information. In 
that way iron, hydrogen peroxide, transport, electricity emissions, and other materials used in 
sludge treatment were individually considered. Figure 3.6 shows the results obtained for the 
individual assessment of the coupling between the photo-Fenton and biological system for the 
remediation of water polluted with Diruon and Linuron herbicides. In this analysis, every impact 
indicator is expressed as 100%, the contribution of a sub-system being a fraction of the figure.  
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Figure 3.6. Individual analysis of environmental impact data for photo-Fenton coupled to biological treatment. ARD: 
Abiotic Resource Depletion, GWP: Global Warming Potential, ODP: Ozone Depletion Potential, HTP: Human Toxicity 
Potential, FATP: Freshwater Aquatic Toxicity Potential, MAEP: Marine Aquatic Ecotoxicity Potential, TEP: Terrestrial 

Ecotoxicity Potential, POP: Photochemical Oxidation Potential, AP: Acidification Potential, AEP: Aquatic 
Eutrophication Potential. 

As seen in Figure 3.7, the main environmental impact for the coupling of photo-Fenton 
with biological treatment for the removal of Diuron and Linuron from water was mainly associated 
to hydrogen peroxide followed by electricity production. Consequently, an evident environmental 
improvement could be expected if solar assisted photo-Fenton coupled to a biological treatment 
was applied to remove Diuron and Linuron herbicides from water. Individual analysis of other 
scenarios is described in detail in Annexe 2. 
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Abstract

Photo-Fenton/ozone (PhFO) and TiO2-photocatalysis/ozone (PhCO) coupled systems are used as advanced oxida-

tion processes for the degradation of the following biorecalcitrant pesticides: alachlor, atrazine, chlorfenvinfos, diuron,

isoproturon and pentachlorophenol. These organic compounds are considered Priority Hazardous Substances by the

Water Framework Directive of the European Commission. The degradation process of the different pesticides, that

occurs through oxidation of the organic molecules by means of their reaction with generated OH radical, follows a first

and zero-order kinetics, when PhFO and PhCO are applied, respectively. These two Advanced Oxidation Processes,

together with the traditional ozone + UV, have been used to investigate TOC reduction of the different pesticide aque-

ous solutions. The best results of pesticide mineralization are obtained when PhFO is applied; with the use of this

advanced oxidation process the aqueous pesticide solutions become detoxyfied except in the case of atrazine and ala-

chlor aqueous solutions for which no detoxification is achieved at the experimental conditions used in the work, at least

after 2 and 3h of treatment, respectively.

� 2004 Published by Elsevier Ltd.

Keywords: Photo-Fenton; TiO2-photocatalysis; Ozone coupling; Pesticide degradation
1. Introduction

The presence of highly biorecalcitrant organic con-

taminants in the hydrosphere due to industrial and

intensive agricultural activities is of particular concern

for the freshwater (surface and groundwater), coastal

and marine environments. In view of this, it is advisable
0045-6535/$ - see front matter � 2004 Published by Elsevier Ltd.

doi:10.1016/j.chemosphere.2004.09.064
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to develop technologies that promote the easy degrada-

tion of these biorecalcitrant organic compounds. A

promising way to perform the mineralization of these

type of substances is the application of advanced oxida-

tion processes (AOP), that are characterized by the ‘‘in

situ’’ production of OH radicals under mild experimen-

tal conditions (e.g. Peyton, 1990). Among the different

technologies proposed as AOP, are those based on the

use of dissolved ozone (e.g. Glaze, 1987; Peyton,

1990). More recently, catalytic ozone based systems

have been developed in order to enhance the OH radical

production. In this way, it has been proposed the use of

mailto:xavier.domenech@uab.es 
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some metals in homogeneous solution (Fe(II), Mn(II),

Ni(II) or Co(II)) to induce an increase of total organic

carbon (TOC) removal compared to ozonation alone

(e.g. Legube and Karpel, 1999), or the use of metal oxi-

des for the enhancement of the ozonation in heteroge-

neous processes (e.g. Legube and Karpel, 1999).

Another alternative to increase the OH radical produc-

tion is the photocatalytic ozonation (both homogeneous

and heterogeneous) by using Photo-Fenton (e.g. Log-

ager et al., 1992; Piera et al., 2000) or TiO2-photocata-

lysis (e.g. Sánchez et al., 1998; Piera et al., 2000; Beltrán

et al., 2002).

In the present paper, both homogeneous and hetero-

geneous photocatalytic ozonation are applied to assess

the suitability of these AOP to promote mineralization

of organic biorecalcitrant compounds. Concretely, water

soluble pesticides included in Decision No. 2455/2001/

EC of the European Parliament and of the Council of

20 November 2001, in which a list of priority substances

in the field of water policy is established, i.e. alachlor,

atrazine, chorofenvinfos, diuron, isoproturon and pen-

tachorophenol (PCP) have been chosen as target com-

pounds. These organic pesticides, which exhibit a high

degree of biotoxicity, have a moderate solubility in

water (between 15mgdm�3 for pentachlorophenol to

240mgdm�3 for alachlor at 25 � C) and low to moderate

octanol–water constants, with logKOW around 2.7–2.9,

except for pentachlorophenol (logKOW = 5.1) and chlo-

rofenvinfos (logKOW = 3.8).
2. Experimental

2.1. Reagents

Alachlor (95%, Aragonesas Agro SA technical

grade), Atrazine (95%, Ciba-Geigy technical grade),

Chlorfenvinphos (93.2%, Aragonesas Agro SA technical

grade), Diuron (98.5%, Aragonesas Agro SA technical

grade) and Isoproturon (98%, Aragonesas Agro SA

technical grade) were used as target compounds in the

experiments. PCP (98%) was purchased from Aldrich.

All the aqueous solutions were prepared with water

purified in a Millipore Milli-Q system. FeSO4 Æ 7H2O

(Merck, 99.5%) and H2O2 (Panreac, 33% p/v) were used

in the Photo-Fenton experiments. TiO2P-25 (80% ana-

tase–20% rutile, 59.1m2g�1, non-porous) was supplied

by Degussa. KI (Panreac, analytical grade), KIO3 (Pro-

bus, analytical grade), K2H2PO4 (Aldrich, analytical

grade) and Na2S2O3 Æ 5H2O (Aldrich, analytical grade)

were used for the iodometric titrations. Acetonitrile

(Probus, HPLC grade) was used to prepare the mobile

phases in the HPLC system. All the other chemicals

mentioned hereafter were at least of reagent grade and

used as received.
2.2. Apparatus and analytical methods

The pesticide degradation experiments were carried

out in a Pyrex glass cell provided of a thermostatic jacket

(25.0 ± 0.1 �C) and under magnetic stirring. Ozone, gen-

erated by an Erwin Sander 301.7 equipment fed with

pure oxygen (99.995% C-45, Carburos Metálicos flow

at P = 1bar), was bubbled into the bottom of the reactor

by means of a diffuser. The ozone input in the treated

solution was 1.6gh�1 as determined by iodometric

titration (Method 001/95 International Ozone Associa-

tion-EAG). The unreacted ozone in the flow gas was

measured by means of an Erwin Sander Quantozone-1

ozone-meter. A 6W black light (Philips) lamp was used

as UVA source in the irradiation experiments.

The concentration of the pesticides was measured by

HPLC technique. The HPLC system was constituted by

a LC-10 AT VP pump (Shimadzu) and a UV–Visible

diode array detector (Agilent 1100 Series). The station-

ary phase was a Hypersil ODS Teknokroma column

(250 · 4.6mm). An acetonitrile/water mixture (50/50

but 60/40 for alachlor) was employed as the mobile

phase, except for PCP analysis for which a methanol/

water mixture (80/20) as the mobile phase was used.

The mobile phase was degassed by sonication and fil-

tered (0.45lm) before using. TOC determination was

carried out with a TOC-5000 Shimadzu Total Carbon

Analyser. The toxicity tests were performed by means

of a BioTox equipment (Lab-system) using the Vibrio

fischery luminescence inhibition to assess the EC50 val-

ues. Before TOC and HPLC analysis, all the samples

were filtered trough 0.45lm pore size nylon filters in

order to remove any particulates. It must be noted that

no pesticide adsorption occurs on these type of filters.

2.3. Pesticide degradation experiments

The experiments were performed with 200ml of an

approximately 50mgl�1 aqueous solution of the studied

pesticide except for Atrazine and Diuron. For the latter

products saturated solutions were prepared and filtrated

before being used. All experiments were performed at an

initial pH of 3.0, except for PCP for which the initial pH

was 7.0. HCl and NaOH diluted aqueous solutions were

used to adjust the initial pH values. Although Cl� ions

in the aqueous medium can react with ÆOH radicals in

a process with a relatively high rate constant

(4.3 Æ 109mol�1 l s�1) (Buston et al., 1988), recently it

has been observed that the ÆOH scavenging properties

of Cl� ion are only relevant at high concentrations

(higher than 0.1M (Kiwi et al., 2000). The reactor was

filled with the pesticide solution once the ozone dosage

input in the reactor was constant. In the Photo-Fen-

ton/ozone and TiO2-photocatalysis/ozone systems, the

Fenton reagent (5.0ml of a FeSO4 Æ 7H2O (80.0mgl�1)

aqueous solution and the suitable volume of H2O2) or
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M.J. Farré et al. / Chemosphere 58 (2005) 1127–1133 1129
TiO2 powders (0.0500g) were also added to the reactor

cell. The quantity of H2O2 employed was twice the

stoichiometric amount necessary for the complete min-

eralization of the studied pesticide. Concretely, the con-

centrations of H2O2 used in the Photo-Fenton and

Photo-Fenton/ozone systems were the following:

0.48g l�1, 0.38g l�1, 0.26g l�1, 0.32g l�1, 0.61g l�1 and

0.11g l�1 for alachlor, atrazine, chlorfenvinfos, diuron,

isoproturon and PCP, respectively. The excess of H2O2

used in this work is not enough to affect the efficiency

of pesticide degradation due to OH radical consumption

by H2O2. This only occurs when a very high H2O2 con-

centration is used (Pérez et al., 2002).

Samples were periodically taken along time from the

reactor to measure the pesticide concentration, TOC,

and toxicity values. For the Photo-Fenton and TiO2-

photocatalysis experiments the same procedure as PhFO

and PhCO was followed but without ozone supply. In

the experimental conditions of the degradation assays,

the pesticides adsorption over the TiO2 powders in the

dark does not significantly contribute to their elimina-

tion from the aqueous solution.
time(min)
0 161412108642

0

Fig. 1. Time course of the concentration of different pesticides

in aqueous solution during the application of the (a) PhFO

system and (b) PhCO system: (d) alachlor, (j) PCP, (n)

diuron, (h) atrazine, (.) isoproturon and (�) chlorfenvinfos.

See Section 2 for experimental details.

Table 1

First and zero order rate constants, kPhFO and kPhCO, respec-

tively, of photocatalytic ozonation (PhFO and PhCO), of the

different investigated pesticide in aqueous solutions at initial

pH = 3.0 and at 25�C

Pesticide kPhFO Æ 103/s�1 kPhCO · 107/mol l�1 s�1

Alachlor 2.2 1.5

Atrazine 4.0 3.3

Chlorfenvinfos 4.2 11

Diuron 6.2 7.8

Isoproturon 6.2 6.0

PCPa – 29

See Section 2 for experimental details.
a Initial pH = 7.0.
3. Results and discussion

The coupling between ozone and Photo-Fenton

(Fe(II), H2O2 and UV) and heterogeneous (TiO2 and

UV) photocatalysis, was applied to the elimination of

the following pesticides in aqueous solutions: alachlor,

atrazine, chlorfenvinfos, diuron, isoproturon and PCP.

All experiments were performed at initial pH of 3.0, ex-

cept for PCP degradation for which the initial pH was

7.0 to increase the solubility of this pesticide in water.

Along the photodegradation process the pH of the dif-

ferent pesticides solutions remains almost constant, ex-

cept in the case of PCP solutions in which a decrease

of pH is observed during the first minutes of irradiation

attaining a limiting value of about 3, due to the acidity

generated from the mineralization process.

Fig. 1 shows the time course of the concentrations of

the different pesticides investigated when Photo-Fenton/

ozone (PhFO) and TiO2-photocatalysis/ozone (PhCO)

systems are applied to the aqueous pesticide solutions.

From data depicted in Fig. 1, the kinetics of degradation

of the different studied pesticides has been deduced and

the corresponding kinetic rate constants obtained are

summarized in Table 1.

With relation to PhFO system, a first-order kinetics

for the degradation of all pesticides is deduced. For

PCP, the decrease of pesticide concentration is very

strong, resulting in a 98% elimination after only 30s,

that precludes to perform a suitable kinetic analysis. In

fact, in this case the experiments were performed at neu-

tral pH at which O3 is able, in comparison to pH 3, to

increase OH radical concentration trough a series of
chemical and photochemical processes (see latter in the

text). It can be assumed that the degradation of the pes-

ticides occurs by direct OH attack to the organic mole-

cule. The OH radical is produced by the Fenton

reaction that occurs at acid pH (process (1)) (e.g. Faust

and Hoigné, 1990):

Fe2þ +H2O2 !Fe(OH)2þ + �OH ð1Þ
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Fig. 2. Time course of the ratio TOC/TOC0 of different

pesticides in aqueous solution during the application of the

PhFO system: (d) alachlor, (j) PCP, (n) diuron, (h) atrazine,

(.) isoproturon and (�) chlorfenvinfos. See Section 2 for

experimental details.
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Under irradiation of k < 400nm Fe(III) can be reduced

to Fe(II) closing a loop mechanism where Fe species

act as catalyst, giving rise to additional �OH (e.g. Faust

and Hoigné, 1990):

Fe(OH)2þ +hm!Fe2þ + �OH ð2Þ

A further increment in the OH radicals production oc-

curs when ozone is added to the solution; in this case,

dissolved O3 reacts with Fe2+ giving rise to FeO2+ that

further undergoes hydrolysis to give Fe3+ producing

more �OH (e.g. Logager et al., 1992):

Fe2þ +O3 !FeO2þ +O2 ð3Þ

FeO2þ +H2O!Fe3þ + �OH+OH� ð4Þ

Due to the catalytic role of Fe, the constant supply of

ozone and photons to the reactive system and the excess

of H2O2, the concentration of �OH produced remains

constant and consequently the rate of pesticide degrada-

tion depends only on its concentration according to a

first order kinetics.

With respect to the PhCO system, the reaction also

proceed by radical attack to the organic molecule. The

OH radical is produced by (i) reaction of adsorbed

H2O molecules with photogenerated holes at the illumi-

nated TiO2 particle (process (6)) and (ii) by reaction of

adsorbed O3 and photogenerated electrons at the TiO2

particle (processes (7) and (8)) (e.g. Sánchez et al., 1998):

TiO2 + hm! e� +hþ ð5Þ

H2O+hþ ! �OH+Hþ ð6Þ

O3 þ e� ! O��
3 ð7Þ

O��
3 þHþ ! OH� þO2 ð8Þ

The presence of dissolved ozone in the irradiated

TiO2 aqueous suspension increases the OH radical pro-

duction and decreases the electron–hole recombination,

increasing the efficiency of the photocatalytic process.

The observed zero-order kinetics, that has also been ob-

served for other PhCO degradation processes (e.g. Bel-

trán et al., 2002; Hernández-Alonso et al., 2002), can

be an indication that the rate determining step is the pro-

duction of radical OH at the semiconductor surface.

As can be seen, a similar rate constant of degradation

of the studied pesticides by PhFO is obtained, except for

alachlor that has the lowest rate constant; for PCP

a high initial rate of elimination is estimated

(1.5mg l�1 s�1). With relation to PhCO system, alachlor

and PCP are also the pesticides that show lower and

higher rate constants of degradation respect to the other

pesticides.

The mineralization process of the studied pesticides

by means of the application of different treatment proce-

dures has been investigated. These treatment procedures
are: heterogeneous TiO2-photocatalysis, Photo-Fenton,

ozone + UV, PhCO and PhFO. At the experimental

conditions used in this work and after at least 120min

of treatment, no TOC reduction has been observed when

TiO2-photocatalysis and Photo-Fenton are applied at

atrazine, diuron, isoproturon and PCP aqueous solu-

tions and also when ozone + UV and Photo-Fenton

are used for treating atrazine and alachlor solutions,

respectively. TiO2-photocatalysis shows a low activity

respect to TOC reduction for alachlor and chlorfenvin-

fos aqueous systems, attaining in both cases a limiting

TOC reduction of 24% and 25% at 180 and 60min of

treatment, respectively. On the other hand, chlorofen-

vinfos is rather stable when Photo-Fenton process is ap-

plied at the studied experimental conditions, achieving

a limiting TOC reduction of only 20% after 75min

of treatment.

In Figs. 2–4, the variation of the ratio TOC/TOC0 as

a function of irradiation time for the different pesticide

aqueous systems treated by means of PhFO, PhCO

and ozone + UV processes is represented. As can be

seen, atrazine is the studied pesticide more resistant to

mineralization by these three treatment systems, i.e.,

after 90min of treatment only 30% and 10% of the initial

TOC is reduced, when PhFO and PhCO systems are

used, respectively, while no noticeable degradation oc-

curs when ozone + UV is applied. The best results con-

cerning to TOC reduction are obtained by the

application of PhFO system for all pesticides solutions

investigated. PhCO gives better results than ozone + UV

for the degradation of all pesticides except for PCP. It

has to be remembered that for PCP all the experiments

have been performed at an initial neutral pH. This is

particularly relevant when using ozone + UV system,

for which besides the direct attack of ozone to the



Table 2

Initial rate of pesticide mineralization in mgl�1 s�1 through the

application of PhFO (rPhFO), PhCO (rPhCO) and ozone + UV

(rozone) AOPs at initial pH = 3.0 and at 25�C

Pesticide rPhFO Æ 103 rPhCO Æ 103 rozone Æ 10
3

Alachlor 8.3 12 3.8

Atrazine 2.2 0.8 0.4

Chlorfenvinfos 22 14 16

Diuron 15 7.8 7.2

Isoproturon 14 7.3 4.7

PCPa 35 12 23

See Section 2 for experimental details.
a Initial pH = 7.0.
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Fig. 4. Time course of the ratio TOC/TOC0 of different

pesticides in aqueous solution during the application of the

ozone + UV system: (d) alachlor, (j) PCP, (n) diuron, (.)

isoproturon and (�) chlorfenvinfos. See Section 2 for experi-

mental details.
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Fig. 3. Time course of the ratio TOC/TOC0 of different

pesticides in aqueous solution during the application of the

PhCO system: (d) alachlor, (j) PCP, (n) diuron, (h) atrazine,

(.) isoproturon and (�) chlorfenvinfos. See Section 2 for

experimental details.
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organic molecule, at neutral to alkaline environments

the indirect process of degradation trough OH radical

reaction becomes relevant. At this pH, the OH radicals

are generated by means of reaction between O3 and

OH� ions (e.g., Staehelin and Hoigné, 1982):

O3 þOH� ! O��
2 þHO�

2 ð9Þ

O��
2 þO3 ! O2 þO��

3 ð10Þ

O��
3 þHþ ! HO�

3 ! �OHþO2 ð11Þ
The production of OH radical is increased under UV

illumination through the formation of H2O2 (process

(12)), which after acid–base dissociation and reaction

with O3 give rise to the formation of O�
3
� (processes

(13) and (14)) (e.g. Peyton, 1990):

O3 þH2O þ hm ! H2O2 þO2 ð12Þ

H2O2 �HO�
2 þHþ ð13Þ

O3 þHO�
2 ! O��

3 þHO�
2 ð14Þ

The O�
3
� radicals generated in the last step produce OH

radicals through reaction (11).

The initial rates of pesticide mineralization through

the application of PhFO, PhCO and ozone + UV sys-

tems obtained from the slopes of the TOC/TOC0 vs. t

curves up to the first 15min (Figs. 2–4) are summarized

in Table 2. From that data the order of degradability of

the different pesticides through the application of PhFO

and ozone + UV systems is:

PCP > chlorfenvinfos > diuron > isoproturon

> alachlor > atrazine

On the other hand, when the PhCO system is applied,

the initial rate of mineralization of all pesticides investi-

gated varies in a very narrow range (between 7 and

12g l�1 s�1), except for atrazine for which an initial rate

value of an order of magnitude lower is observed (see

Table 2). Further, it is interesting to note that after,

approximately, the first 15min of irradiation, the rate

of mineralization of all pesticides are very similar (about

0.5% TOC reduction per min), except for atrazine which

TOC reduction rate is much lower (about 0.1% TOC per

min).

As it has been said previously, atrazine is the most re-

calcitrant pesticide studied in this work, i.e., very low

TOC reduction values are achieved when PhFO and

PhCO systems are applied (i.e., 34% and 15% TOC

reduction after 100min of irradiation, respectively),
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while no TOC reduction is observed when ozone + UV

is used. In fact, it is well known the formation of cyan-

uric acid during degradation of atrazine, a compound

that is very stable to OH radical attack (e.g., Pelizzetti

et al., 1992; Huston and Pignatello, 1999). Also, in the

case of diuron and PCP, although they are strongly de-

graded by means of PhFO application, a limiting value

of TOC reduction of 70% and 90% at 60min of irradia-

tion, respectively, is attained indicating the formation of

recalcitrant intermediates at the last steps of degradation

(Malato et al., 2003).

The toxicity of the pesticide solutions treated by

means of PhFO system, which is the AOP that gives

the best results concerning pesticide degradation, has

been assessed. The EC50-values obtained for the different

pesticide initial aqueous solutions were: 70.8, 55.2, 153.9,

49.2, 28.0 and 0.25 for alachlor (TOC0 = 31.1mgl�1),

diuron (TOC0 = 17.3mgl�1), atrazine (TOC0 =15.8

mgl�1), chlorofenvinfos (TOC0 = 21.2mgl�1), and iso-

proturon (TOC0 = 32.7mgl�1) and PCP (TOC0 =

12.9mgl�1), respectively. In Fig. 5, the 1/EC50 TOC val-

ues for pesticides solutions, except for PCP, are repre-

sented as a function of treatment time. It is observed

that in all cases, except for alachlor, an increase of toxi-

city occurs achieving a maximum value at a treatment

time that depends on the pesticide nature. An increase

of toxicity has also been reported in the photocatalytic

degradation of isoproturon and diuron, a fact that has

been ascribed to the formation of more toxic intermedi-

ates than the parent compound (Parra et al., 2002;

Malato et al., 2003). For diuron, isoproturon and chlor-

fenvinfos, their solutions become detoxified after passing

the maximum toxicity and at treatment times no longer

than 100min at the reported experimental conditions.

It must be signaled that for these three pesticides, detox-
time(min)
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Fig. 5. Time course of the biotoxicity (1/E50. TOC, where E50

and TOC are expressed in mgl�1) of the different pesticide

aqueous solutions at initial pH = 3, treated with PhFO system.

(d) alachlor, (h) atrazine, (n) diuron, (.) isoproturon and

(�) chlorfenvinfos. Temperature: 25 �C.
ification is attained when the TOC remaining in solution

becomes lower than 10mgl�1.

On the other hand, PhFO system is not able to detox-

ify atrazine and alachlor solutions at least at treatment

times lower than 2 and 3h, respectively. For alachlor

the toxicity of their aqueous solutions increases with

increasing treatment time, at least after 3h of irradiation

(see Fig. 5). Other authors have reported the formation

of 2,6-diethylaniline as degradation product of alachlor,

being responsible of the observed increased toxicity of

treated alachlor aqueous solutions (Osano et al., 2002).

In the case of PCP aqueous solution, for which the ini-

tial 1/EEC Æ TOC value is 0.31, 30min of treatment is en-

ough to produce a detoxified solution, particularly due

to the strong TOC reduction that occurs when PhCO

is applied (see Fig. 2).
4. Conclusions

The PhFO and PhCO advanced oxidation processes

lead to a rapid decrease of the concentration of the

biorecalcitrant pesticides, alachlor, atrazine, chlorfen-

vinfos, diuron and PCP in aqueous solutions. The degra-

dation processes, that occur through oxidation of the

organic molecules by means of their reaction with gener-

ated OH radical, follow a first and zero-order kinetics,

when PhFO and PhCO are applied respectively. The

application of PhFO, PhCO and ozone + UV systems

to the pesticide aqueous solutions leads to a strong

TOC reduction, except for atrazine for which no TOC

reduction is observed with the ozone + UV treament

and very low values of TOC decrease are observed when

PhFO and PhCO systems are used. The best results of

pesticide degradation are obtained when PhFO is ap-

plied. The pesticide solutions, after being treated by

means of PhFO system, become detoxyfied except for

atrazine and alachlor aqueous solutions for which no

detoxification is achieved at least after 2 and 3h of treat-

ment, respectively. In the case of alachlor the toxicity of

the treated solutions increases with increasing irradia-

tion time, at least after 3h of irradiation.
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Abstract

A preliminary chemical treatment of pentachlorophenol, isoproturon, diuron, alachlor and atrazine pesticide
aqueous solutions (all them belonging  to the list of priority pollutants of the European Union) based on a combination
of ozone and photo-Fenton reagents has been used to generate intermediates of partial degradation that could be
more conveniently degraded with a secondary biological treatment. Quantification of the biodegradability and the
toxicity of the treated solutions have been carried out in order to ascertain the suitability of the coupling between
the chemical and the biological step. Biotox®, BOD5/COD and respirometric measurements have been performed.
The data obtained with the three techniques point towards a potential coupling for the treatment of isoproturon,
diuron, alachlor and atrazine, but not for pentachlorophenol, for which non biodegadable and toxic solutions are
obtained after chemical treatment.

Keywords: Photocatalytic ozonation; Biodegradability; Pesticides

1. Introduction

The presence of highly biorecalcitrant organic
contaminants in the environment due to industrial
and intensive agricultural activities is of particu-

lar concern for the preservation of aquatic eco-
systems. Since biorecalcitrant compounds are, by
definition, non treatable in conventional waste-
water treatment plants based on the activity of a
microbiological consortium, the development of
new technologies that pursue the easy degrada-
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tion of such substances is of practical interest.
Advanced oxidation processes (AOP), a group of
chemical reactions characterized by the “in situ”
production of OH radicals under mild experimen-
tal conditions [1], have shown to rapidly degrade
many different biorecalcitrant compounds. Dif-
ferent AOP are TiO2-assisted photocatalysis [2],
Fenton and photo-Fenton processes [3], ozonation
[4], and the combination of them (i.e. TiO2/O3 [5–
7] and Fenton/O3 and photo-Fenton/O3 [6,8]). Due
to the fact that those technologies involve chemi-
cal oxidation, the consumption of chemical re-
agents and/or energy is required, thus making their
extensive application difficult. A good solution
to this drawback is to reduce the use of AOP to
strictly produce a non-toxic and biodegradable
intermediate solution that could be treated in a
biological secondary step. In this way, complete
mineralization of the contaminants may be
achieved with a partial use of AOP and a comple-
mentary biological treatment [9–11].

In a previous paper performed in the frame of
EC CADOX project (EVK1-CT-2002-00122), we
have studied the degradation of some
biorecalcitrant pesticides (alachlor, atrazine, chlor-
fenvinfos, diuron, isoproturon and pentachlo-
rophenol) by homogeneous and heterogeneous
photocatalytic ozonation, in order to select the
most efficient AOP for a rapid removal of such
toxic and non-biodegradable chemicals from so-
lution along with a partial mineralization of the
original solution [12]. In this previous study, it
has been concluded that photo-Fenton coupled
with ozone is the most efficient technique [12].
This is a practical case where a coupling of an
AOP with a biological treatment can be a suitable
alternative for complete mineralization of the
original contaminants. Consequently, it is impor-
tant to show, by using different experimental tech-
niques, that at some point, the toxicity and the
biodegradability of the intermediate mixtures ob-
tained after the AOP meet the requirements needed
to feed a biological reactor in the secondary treat-
ment. In the present paper the evolution of toxic-

ity, biodegradability, and respirometric behavior
of different pesticide solutions that are treated with
a combination of ozone and photo-Fenton tech-
niques is studied. The objective is to ascertain
whether chemically pretreated solutions of typi-
cal diluted wastewater polluted with pesticides are
suitable for a secondary biological treatment.

2. Materials and methods

2.1. Reagents

Alachlor (95%, Aragonesas Agro S.A. techni-
cal grade), Atrazine (95%, Ciba-Geigy technical
grade), Diuron (98.5%, Aragonesas Agro S.A.
technical grade) and Isoproturon (98%, Arago-
nesas Agro S.A. technical grade) were used as
target compounds in the experiments. Pentachlo-
rophenol (PCP, 98%) was purchased from Aldrich.
All aqueous solutions were prepared with water
purified  in  a  Millipore  Milli-Q  system.
FeSO4·7H2O (Merck, 99.5%) and H2O2 (Panreac,
30% w/w) were used in the photo-Fenton experi-
ments. Acetonitrile (Probus, HPLC grade) was
used to prepare the mobile phases in the HPLC
system. All the other chemicals mentioned here-
after were at least of reagent grade and used as
received.

2.2. Apparatus and analytical methods

The pesticide degradation experiments were
carried out in a Pyrex glass cell provided of a ther-
mostatic jacket (25.0±0.1°C) and under magnetic
stirring. Ozone, generated by an Erwin Sander
301.7 model equipment fed with oxygen of
99.995% purity, was bubbled into the bottom of
the reactor by means of a metallic diffuser. The
ozone input in the treated solution was 1.75 g·h–1

as determined by iodometric titration. A relatively
high ozone input value is used to ensure the chemi-
cal step effectiveness. The unreacted ozone in the
flow gas was first measured by means of an Erwin
Sander Quantozone-1 ozone-meter, and then de-
stroyed with a KI trap. A 6 W black light (Philips)
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lamp with a measured intensity inside the photo-
reactor of 0.21 mW·cm–2 was used as UVA source
in the irradiation experiments. Fig. 1 shows a sche-
matic diagram of the photochemical system.

The concentration of the pesticides was mea-
sured by HPLC technique. The HPLC system was
constituted by a LC-10 AT VP pump (Shimadzu)
and a UV-visible diode array detector (Agilent
1100 Series). Under this conditions the detection
limit of the pesticides is 0.01 mg·L–1. The station-
ary phase was a Hypersil ODS Teknokroma col-
umn (250 × 4.6 mm). An acetonitrile/water mix-
ture (50/50 but 60/40 for alachlor) was employed
as mobile phase, except for PCP analysis for which
a methanol/water mixture (80/20) was used. The
mobile phase was degassed by sonication and fil-
tered (0.45 µm) before using. TOC determination
was carried out with a TOC-5000 Shimadzu To-
tal Carbon Analyser. The concentration of H2O2
was analyzed by the iodometric method [13].

The toxicity tests were performed by means
of a BioTox® equipment (Lab-system) using the
Vibrio fischeri luminescence inhibition to assess
the EC50 values. 0–150 mg·L–1 range Aqualytic®

Fig. 1. Experimental set-up. 1 oxygen cylinder, 2 ozoni-
zator, 3 diffusor, 4 sampler, 5 stirrer, 6 sampler key, 7 sy-
ringe, 8 gas output, 9 ozone-meter, 10 and 11 input and
output thermostatic bath, 12 6W UVA light.

vials were used for chemical oxygen demand test
(COD) determination based on a close reflux de-
termination method [14]. This analysis was done
in a COD reactor from HACH Co, using a HACH
DR/2000 spectrophotometer for colorimetric mea-
surements. The accuracy measurement was
checked preparing a potassium acid phthalate stan-
dard solution, being the estimated detection limit
for this technique 1.1 mg·L–1. Correction for the
hydrogen peroxide interference on standard COD
test was carried out [15]. Biological oxygen de-
mand (BOD5) was performed by means of Hg free
WTW 2000 Oxytop unit thermostated at 20ºC. In
these analyses the accuracy measurement was
checked by means of BOD measurements on a
mixture of 150 mg·L–1 glucose and 150 mg·L–1

glutamic acid. The detection limit for this tech-
nique was 5 mg·L–1. In all biological analysis hy-
drogen peroxide was eliminated by adding an
excess of sodium sulphite. Aeration was then used
to convert the remaining sulphite into sulphate
[11]. When direct analysis was not possible stor-
age over –8ºC was necessary.

Respirometric analyses were carried out with
a LSS respirometer. Since the oxygen uptake rate
(OUR) of a microbiological consortium depends
on the substrate concentration, quantification of
OURs corresponding to different concentrations
of a completely biodegradable standard (acetic
acid) were carried out (1st OURst) and used as a
reference to compare with the OURs of the pesti-
cide samples of same COD content. In this way a
biodegradability index can be defined from the
expression:

st

st

% biodegradability

1st OUR OUR1 100
1st OUR

⎛ ⎞−= − ×⎜ ⎟
⎝ ⎠

(1)

Toxicity can also be evaluated with respiro-
metric procedures [16]: once the biomass has been
in contact with the pesticide sample, it is recov-
ered and used again for the assessment of the OUR
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of a new acetic acid solution (2nd OURst). If the
pesticide sample has a toxic effect on the biom-
ass, the OUR of the same biomass exposed to ace-
tic acid solutions would be lower than the OUR
of the same reference solution in contact with the
fresh biomass. In this sense, toxicity can be quan-
tified through the expression:

st st

st

% toxicity

1st OUR 2nd OUR 100
1st OUR

⎛ ⎞−= ×⎜ ⎟
⎝ ⎠

(2)

A sludge sample taken from the aerobic stage
of a full-scale urban wastewater treatment plant
in Manresa (Spain) was used as inoculum to pre-
pare  respirometric  suspensions  of  3000–
4000 mg·L–1 of volatile suspended solids (VSS).
VSS concentrations were determined according
to Standard Methods [14]. All analytical determi-
nations were repeated at least three times. Before
the analysis, all the samples were filtered trough
0.45 µm pore size nylon filters in order to remove
any particulates. No pesticide adsorption was de-
tected on the filters.

2.3. Pesticide degradation experiments

The experiments were performed with 200 mL
of an approximately 50 mg·L–1 aqueous solution,
of the studied pesticide, which is a typical concen-
tration in polluted effluents, except for atrazine
and diuron, for which 38 mg·L–1 and 42 mg·L–1,
were used due to their low aqueous solubility; for
the latter products saturated solutions were pre-
pared and filtrated before being used. All experi-
ments were performed at an initial pH of 3.0, that
is the optimum pH for photo-Fenton reaction,
except for PCP for which the initial pH was 7.0,
due to its very low solubility at pH = 3. HCl and
NaOH diluted aqueous solutions were used to
adjust the initial pH values. Once the ozone dos-
age input in the reactor was constant, this latter
was filled with the pesticide solution to start deg-

radation experiments. The Fenton reagent
(2.0 mg·L–1 Fe(II)) aqueous solution and the suit-
able volume of H2O2) was also added to the reac-
tor cell. The quantity of H2O2 employed was twice
the stoichiometric amount necessary for the com-
plete mineralization of the studied pesticide (H2O2
equivalent): 0.48 g·L–1,  0.38 g·L–1, 0.26 g·L–1,
0.32 g·L–1, 0.61 g·L–1 and 0.11 g·L–1 for alachlor,
atrazine, chlorfenvinfos, diuron, isoproturon and
PCP, respectively. Residual H2O2 remaining after
chemical reaction was eliminated with Na2SO3
[11] to avoid unexpected effects in the toxicity
and respirometric analysis.

3. Results and discussion

The pesticides investigated were alachlor, atra-
zine, diuron, isoproturon, and PCP, all of them
water soluble pesticides listed as priority pollut-
ants by the European Union [17]. These organic
pesticides, which exhibit a high degree of bio-
toxicity, have a moderate solubility in water (be-
tween 50 mg·L–1 for PCP to 240 mg·L–1 for
alachlor at 25ºC at neutral pH) and low to moder-
ate octanol–water partition coefficients constants,
with log KOW around 2.7–2.9, except for pen-
tachlorophenol (log KOW = 5.1, at 25ºC). Their
chemical structures are shown in Fig. 2. The ini-
tial analytical parameters of the pesticides aque-
ous solutions used through the experiments are
shown in Table 1.

The first chemical technique used for biode-
gradability enhancement in the pesticides solu-
tions has been homogeneous photocatalytic
ozonation that consists of the combined treatment
of ozone and photo-Fenton reagents (H2O2 + Fe(II)
+ UVA light). As it has been stated in the intro-
duction, a previous work showed that this was
the most efficient AOP, among several others for
the detoxification of the pesticides solutions [12].
In this photocatalytic ozonation process, besides
the production of OH radicals by means of the
photo-Fenton process [3]:

Fe2+ + H2O2 → Fe(OH)2+ + ·OH (3)
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Fe(OH)2+ + hν → Fe2+ + ·OH (4)

On the other hand, ozone reacts with Fe(II)
simultaneously leading to the formation of FeO2+

species that are readily hydrolyzed giving in more
OH radicals [6]:

Fe2+ + O3 → FeO2+ + O2 (5)

Table 1
Initial concentration, total organic carbon, chemical and biological oxigen demands (COD and BOD5) and effective
concentrations (EC50) of the different aqueous pesticide solutions

n = 3, α = 0.95

Pesticide C0 (mg·L–1) TOC (mg·L–1) COD (mg·L–1) BOD5 (mg·L–1) EC50 (mg·L–1) 
Alachlor 50±1 31±3 104±2 6±0.5 35±3 
Isoproturon 50±1 35±2 108±7 7±0.5 19±1 
Diuron 42±1 20±1 42±1 6±0.5 22±2 
Atrazine 38±1 16±1 38±4 7±0.5 27±3 
Pentachlorophenol 50±1 13±1 30±1 < 5 0.25±1 

Atrazine Pentachlorophenol

Fig. 2. Chemical structures of the pesticides used in this work.

FeO2+ + H2O → Fe3+ + ·OH + OH– (6)

Fig. 3 shows the time course of the concentra-
tion of the original pesticides (Fig. 3a) and nor-
malized TOC (Fig. 3b) of the treated solutions.
As can be seen the disappearance of the original
pesticide is fast under the tested conditions; four
of the five pesticides are completely removed in

Alachlor Isoproturon Diuron
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less than 15 min, while the concentration of the
fifth one, i.e. alachlor, becomes less than 10 mg·L–1

during the same treatment time. The mineraliza-
tion of the solutions proceeds more slowly; while
PCP solutions can be almost completely mineral-
ized after 100 min of reaction, only 30% of the
original TOC is removed in atrazine solutions af-
ter 150 min. Thus, after pesticide disappearance
within few minutes of reaction, large quantities
of TOC remain in solution. Depending on the toxic
character of those reaction solutions after photo-
catalytic degradation a biological treatment step
could be used for further oxidation. The assess-
ment of the acute toxicity of the intermediates
remaining in solution is essential to envisage such
a possibility. Table 2 summarizes the TOC and
EC50 values of the initial solutions and after par-
ent pesticides were totally removed from the so-
lution by chemical treatment. The data indicates
a clear decrease of toxicity (increase of the EC50
value) for diuron, while isoproturon and PCP so-
lution experiences a discrete improvement that
could be within the experimental margin of error.
Nevertheless, toxicity of the isoproturon and PCP
solutions could be completely removed after 45
and 30 min of chemical treatment, respectively,
which may be due to the strong decrease on the
total organic carbon. On the other hand, the tox-
icity of alachlor and atrazine solutions increases
after pesticide removal; even after 3 h of pretreat-

Table 2
TOC and EC50 values for treated pesticide solutions and EC50 values of the initial pesticide solutions. The treatment time
refers to the time required to remove the parent compound from solution

(*) The EC50 value is out of the scope of the analyzer (large decrease of toxicity)
n = 3, α = 0.95

Pesticide Treatment time  
(min) 

TOC after treatment 
(mg·L–1) 

EC50 treated solution 
(mg·L–1 of TOC) 

EC50 initial solution 
(mg·L–1 of TOC) 

Alachlor 30 16±1 11±1 35±3 
Isoproturon 10 31±2 21±2 19±1 
Diuron 15 15±1 — (*) 10±2 
Atrazine 15 16±1 14±2 27±3 
Pentachlorophenol 5 6±1 0.50±2 0.25±1 

ment atrazine and alachlor solutions remain toxic.
Consequently, acute toxicity assays by means of
Biotox® system show that pretreatment is only
beneficial for diuron.

Being biological process the scope of the work,
biodegradability of such pretreated effluents must
be assessed. Since the Biotox® system has a large
intrinsic experimental error and is too sensitive
(many chemicals that give positive toxicity with
Biotox® are found non-toxic with other analyti-
cal techniques), it seems reasonable to test alter-
native methods for the quantification of the bio-
degradability of the intermediates generated dur-
ing the pesticides degradation. The most extended
way to quantify biodegradability is the assessment
of the BOD5/COD ratio [18]. It is commonly ac-
cepted that a wastewater is completely biodegrad-
able when that ratio is above 0.4, while a value
between 0.3–0.4 corresponds to partial biodegrad-
ability [18]. Thus, BOD5 and COD analysis were
also carried out. Table 3 summarizes BOD5 and
COD data and their ratio with the respective ini-
tial values corresponding to the same pesticide
degradation experiments and times of chemical
reaction that appear in Table 2. As can be seen
BOD5 values increase for all the treated pesticide
solutions except in the case of PCP, for which it
remains lower than 5 mg·L–1. As expected, the
COD values decrease for all the solutions after
the chemical oxidation. It is important to notice
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Table 3
BOD5 and COD values of treated pesticide solutions (initial values shown in Table 1), together with the BOD5/COD
ratios of the initial and treated pesticide solutions

n = 3, α = 0.95

Pesticide Treatment 
time (min) 

BOD5 after 
treatment (mg L–1) 

COD after 
treatment (mg L–1) 

BOD5/COD after 
treatment 

Initial 
BOD5/COD 

Alachlor 30 31±1 86±1 0.36 0.06 
Isoproturon 10 31±1 79±2 0.39 0.07 
Diuron 15 13±1 33±1 0.39 0.15 
Atrazine 15 12±1 22±2 0.58 0.17 
Pentachlorophenol 5 <5 20±1 <0.25 <0.25 

that again, with the exception of PCP, the BOD5/
COD ratios increase for all the solutions reaching
values close or above 0.4, thus, indicating the
existence of a biodegradable character [18]. Both
isoproturon and diuron solutions clearly change
their properties after chemical treatment, becom-
ing suitable candidates for a secondary biologi-
cal treatment. However, for alachlor and atrazine
the BOD5/COD ratios seem to be in disagreement
with the toxicity analysis, since their solutions
were found to increase toxicity after treatment.

In order to clarify such an apparent discrep-
ancy between acute toxicity and BOD5/COD ra-
tios, respirometric analysis were also carried out.
As an example of the measurements carried out,
Fig. 4 shows the evolution of the dissolved oxy-
gen (DO in mg·L–1) recorded during the respiro-
metric studies of the original PCP solutions. The
OUR values of samples and standards are obtained
from the slope of the DO vs. time curves, sub-
tracting the OUR associated to endogenous res-
piration that is also represented in Fig. 4. The pres-
ence of acetic acid clearly increases the OUR of
the biomass. In the presence of PCP the OUR has
the same value that the one associated to endog-
enous respiration, meaning that the biomass can
not degrade PCP. Furthermore, when the same
biomass is mixed with a new acetic acid solution,
an OUR decrease is observed (going even below
the endogenous value), indicating that the biom-
ass has been partially damaged in the previous

contact with the pesticide solution due to its toxic
character. Since that value is lower than the en-
dogenous OUR, it can be concluded that the bio-
mass has completely lost its ability to consume
acetic acid and the toxicity is considered to be
100% (see Table 4).

Respirometric data for all the original pesti-
cide solutions are shown in Table 4. As can be
seen, even the qualitative behavior of toxicity is
not the same if the assessment is carried out with
different analytical techniques. The Biotox® data
indicates the following order of toxicity: PCP >
diuron > isoproturon > atrazine > alachlor (see
EC50 values in Table 1), while respirometric data
gives the order: PCP > alachlor > atrazine >
isoproturon = diuron. Thus, the two techniques
have the only coincidence of the prediction of the
high toxicity of PCP. These differences could be
explained considering the different nature of the
biological material used: Biotox® utilizes the sea-
water Vibrio fischeri, whereas respirometry uses
the bacterial consortium in activated sludge [19].
Low biodegradability of the initial pesticides is
predicted by both techniques: biodegradability
values not higher than 6% from respirometric as-
says (see Table 4), and values not higher than 0.17
for BOD5/COD ratios (see Table 3).

In Table 5 respirometric data for all the chemi-
cally treated pesticide solutions are summarized.
As can be seen by comparing with Table 4, ex-
cept in the case of PCP all pesticide solutions in-
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crease their biodegradability, as expected after
partial chemical treatment. On the other hand,
isoproturon and diuron solutions experience no
increase of toxic character, while alachlor and atra-
zine solution do. PCP treated solution shows lower
toxicity than the original solution. According to
the Biotox® measurements (see Table 2) alachlor

Fig. 4. Respirometric measurements (dissolved oxygen vs. time) of a 50 mg L–1 (13 mg L–1 of C) PCP solution (curve +).
Also depicted is the endogenous respiration of the 3.5 g l–1 VSS biomass (o), and respiration of a 31 mg L–1 (13 mg L–1 of
C) acetic acid solution before (o) and after (∆) PCP treatment. VSS = volatile suspended solids.

Table 4
Respirometric data of the five original pesticide solutions (see Matherials and methods for calculation details). Concen-
tration of the respirometric solutions: 3000–4000 mg·L–1 VSS, temperature 25ºC

n =3, α = 0.95

and atrazine solutions increase their toxicity (the
EC50 value decreases), isoproturon solution ex-
perience no important change, while the toxicity
of diuron solution clearly decreases. The PCP
solution toxicity also decreases. Thus, concern-
ing toxicity there is a reasonable agreement be-
tween the repirometric and the Biotox® toxicity

Herbicide 1st OURst 
(mg L–1 h–1 VSS–1) 

OUR sample  
(mg L–1 h–1 VSS–1) 

% biodegradability 2nd OURst 
(mg L–1 h–1 VSS–1) 

% toxicity 

Alachlor 8.64 4.79 6 7.80 10 
Isoproturon 7.92 0.00 0 0.792 0 
Diuron 4.73 1.93 4 4.73 0 
Atrazine 5.76 0.514 1 5.66 2 
Pentachlorophenol 4.08 0.206 5 0.00 >100 
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measurements; with differences that can be as-
cribed to the inherent error associated to these
biology-based analytical techniques. This is re-
markable since the Biotox® technique is appro-
priated for inter-laboratory comparisons because
it is a well standardized procedure, while respiro-
metry can be considered an intra-laboratory tech-
nique due to the variability of the cultures used
for the analyses. In any case, concerning the in-
terest of the present research, the robust respiro-
metric measurements seem to rule out the possi-
bility of too sensitive analysis with Biotox® mea-
surements. Comparing biodegradability of the pre-
treated effluents analyzed by both BOD5/COD and
respirometric assays, the same conclusions can
be obtained since biomass is able to assimilate
diuron, isoproturon, atrazine, alachlor but not PCP.
The difference between biodegradability percent-
age obtained from respirometry and BOD5/COD
ratio corresponds to the fact that respirometric
assays measure biodegradability in a short periode
of time (about 30 min), while BOD5/COD ratio
measures the biodegradability in a five days sce-
nario.

From the obtained results, the application of a
chemical step prior to biological treatment to de-
crease acute toxicity of pesticide aqueous solu-
tions, without decreasing to much the organic car-
bon of the effluent, seems to work for diuron and
isoproturon solutions. These pesticides, after the

Table 5
Respirometric data of the five chemically treated pesticide solutions (see Materials and methods for calculation details).
Concentration  of the respirometric solutions: 3000–4000 mg·L–1 VSS; temperature 25ºC.

n =3, α = 0.95

Herbicide Treatment 
time (min) 

1st OURst 
(mg L–1 h–1  
VSS–1) 

OUR sample 
(mg L–1 h–1 
VSS–1) 

% bio-
degradability 

2nd OURst 
(mg L–1 h–1  
VSS–1) 

% toxicity 

Alachlor 30 3.67 3.13 85 0.29 92 
Isoproturon 10 4.63 3.08 67 5.04 0 
Diuron 15 5.89 1.52 26 5.88 0 
Atrazine 15 2.97 0.78 26 0.87 71 
Pentachlorophenol 5 2.91 0.00 0 1.15 61 

AOP has been applied to remove the respective
parent compound, are biodegradable and become
detoxified, remaining 75% and 89% of the initial
TOC in solution for diuron and isoproturon, re-
spectively. For the PCP solutions, after complete
removal of the parent pesticide compound by
means of AOP treatment only 46% of the initial
TOC remains in solution and the obtained solu-
tion is not biodegradable.

With relation to alachlor and atrazine aqueous
solutions, the TOC remaining in the effluents once
an AOP has been applied to remove the parent
pesticides, are 52% and 100% for alachlor and
atrazine, respectively, and the toxicity of the re-
sulting solutions clearly increased. For these ef-
fluents, the AOP treatment must be extended in
time to achieve detoxification. In this way, re-
cently published results related with Photo-Fenton
treatment of different chlorinated pesticides, in-
dicate that detoxification occurs when full dechlo-
rination of parent and intermediated compounds
is attained [20]. This is the case for diuron, for
which dechlorination occurs in conjunction with
parent compound elimination and detoxification
takes place at this point, while for atrazine and
alachlor solutions, dechlorination occurs after dis-
appearance of the pesticide [20].

Particularly interesting is the case of atrazine
solutions, for which the elimination of the parent
compound does not imply a decrease of TOC. In
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fact, it is known that the more prominent degra-
dation routes give rise to the formation of the
imine and amide derivatives of atrazine, ATRA-
imine (2-chloro-4-ethylimino-6-isopropylamino-
s-triazine) and CDIT (4-acetamido-2-chloro-6-
ethylamino-s-triazine) [21]:

21 N

NN

Cl

R R

ATRA-imine CDIT
R1: N=CHCH3 R1: NHCOCH3
R2: NHCH(CH3)2 R2: NHCH(CH3)2

which must be the responsible of the increased
toxicity observed for treated solutions with respect
to the initial atrazine aqueous solutions. Dechlo-
rination occurs when only 3/8 of the initial TOC
remain in solution, probably by formation of cya-
nuric acid (2,4,6-trihydroxy-s-triazine)[22]:

N

NN

OH

HO OH

that keeps three of the eight carbon atoms of the
initial atrazine molecule.

4. Conclusions

PCP, isoproturon, diuron, alachlor and atrazine
pesticide solutions have been partially degraded
by using a chemical pretreatment method based
on a combination of ozone and photo-Fenton re-
agents. The removal of the parent pesticide takes
place in a few minutes, but the complete mineral-
ization of all the organic content takes longer
times. The possibility of coupling the chemical
treatment with biological treatment has been stud-

ied by the assessment of biodegradability and
acute toxicity of the intermediate solutions. The
toxicity has been quantified with both the Biotox
technique and carrying out respirometric measure-
ments, while biodegradability assessment has been
done on the basis of BOD5/COD ratio and respiro-
metric measurements.

Data obtained with the different techniques,
although they show differences that could be ex-
plained  due to the different bacteria employed in
toxicity analysis and different experimental time
for biodegradation assessment, they seems to in-
dicate that biodegradability increases in the case
of isoproturon, diuron, alachlor and atrazine pes-
ticide solutions, but not in the case of pentachlo-
rophenol solution. In the case of alachlor and atra-
zine the increase of biodegradability takes place
with a simultaneous increase of toxicity. In any
case, the suitability of the coupling of chemical
and biological treatments will depend on the par-
ticular chemical nature of the pollutant.
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The coupling of photo-Fenton (chemical) and biological treatments has been used for the

removal of Diuron and Linuron herbicides from water. The chemical reaction was

employed as a pre-treatment step for the conversion of the toxic and non-biodegradable

herbicides into biodegradable intermediates that were subsequently removed by means of

a biological sequencing batch reactor (SBR). Multivariate experimental design was used to

select four photo-Fenton reagent dose combinations for the coupling experiments.

Concentrations of hydrogen peroxide between 10 and 250 mg L�1, and iron (II) concentra-

tions between 2 and 20 mg L�1 have been tested. 15.9 mg L�1 of Fe(II) and 202 mg L�1 of H2O2

were needed to convert initial toxic and non-biodegradable herbicides into suitable

intermediates for a subsequent biological treatment. Detrimental effects due to the excess

of reactants were detected. Chemical oxygen demand (COD), average oxidation state (AOS),

total organic carbon (TOC) and hydrogen peroxide concentration are the parameters used

to trace the experiments course. Also, toxicity (EC50
15) and biodegradability (BOD5/COD) tests

were carried out at the end of each chemical oxidation.

Complete disappearance of the herbicides from water was observed after the chemical

treatment, while 3,4-dichloroaniline and 3,4-dichlorophenyl isocyanate were identified as

the main by-products of the degradation process. Complete TOC removal was achieved

after biological treatment in a SBR using a hydraulic retention time (HRT) of 2 days.

& 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The presence of pesticides in natural and drinking waters is a

problem of environmental and human health concern. The

main sources of pesticides pollution are agricultural runoffs

and wastewaters generated at pesticide manufacturing plants

(Chiron et al., 2000). Groundwater contamination with these

compounds is a serious problem since the lifetime of the

pesticides might be of several years, posing a serious threat to

the one-half of the world population that obtains drinking

water from wells (Pimentel, 1996).

Since their discovery in 1950, phenylurea compounds have

been widely used to prevent the growth of undesirable plants.

Diuron and Linuron are two phenylurea herbicides that
r Ltd. All rights reserved.

2; fax: +34 93 581 2920.
.

inhibit photosynthesis, thus impeding weed growth. Both

herbicides are toxic and non-biodegradable and they are

mainly used for the control of germinating grass and broad-

leaved weeds in many crops (e.g., cereals) (Tixier et al., 2000).

Since herbicides, due to their biorecalcitrant and toxic

properties, cannot be directly treated in conventional waste-

water treatment plants based on the activity of a micro-

biological consortium, the development of new technologies

aimed at the easy degradation of such substances is of

practical interest.

Due to the combination of both environmental and

economic advantages, the coupling between advanced oxida-

tion processes (AOPs) and biological treatments can be a

suitable solution for the removal of toxic compounds from

dx.doi.org/10.1016/j.watres.2006.04.034
mailto:jose.peral@uab.es
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water (Kotsou et al., 2004; Al Momani et al., 2004; Garcia-

Montaño et al., 2006).

AOPs are based in the use of the highly-reactive hydroxyl

radicals (E0
¼ 2.8V versus SHE) that can efficiently oxidize

organic matter to CO2. The main idea of coupling is to apply

an AOP to a toxic and/or non-biodegradable effluent during a

short time, optimizing chemicals and energy consumption,

and generating an intermediate sample that is fully biode-

gradable, thus opening the possibility of a subsequent

biological treatment for the complete removal of organic

matter.

Available AOPs are ozonation (Glaze, 1987), heterogeneous

photocatalysis with TiO2 (Mills and Le Hunte, 1997) and the

photo-Fenton reaction. The last one offers high reaction

yields with a low treatment cost, mainly because of the

possibility of using solar light as photon source (Bauer and

Fallmann, 1997). Although the Fenton reaction is known since

the end of the XIX century, only in the last few years it has

been applied for water and soil treatment. In the Fenton

reaction OHd is produced by combining Fe(II) and H2O2 at acid

pH (Faust and Hoigné, 1990). Under irradiation of lo400 nm,

the Fe(III) generated in Fenton reaction can be reduced to

Fe(II), closing a loop mechanism where Fe species acts as

catalyst, giving additional OHd (photo-Fenton process).

If minimization of Fenton reagents (Fe(II) and hydrogen

peroxide) consumption is the goal to be achieved, multi-

variate experimental design is a clever option. Experimental

design is a modern approach to the study of the simultaneous

effects of several experimental parameters on chemical

reaction (Box et al., 1978). By following this methodology,

optimization of reaction conditions can be achieved with a

minimum number of experiments.

Sequencing batch reactor (SBR), based on the biodegrada-

tion activity of a bacteria consortium, has been gaining

considerable popularity as treatment method in recent years

because of its high efficiency and flexibility (USEPA, 1999) and

it can be considered suitable for biological system modelling

at laboratory scale because of the small volumes of effluent

that can handle and because of the good control it offers.

Conventional SBR operation involves four steps—filling,

reaction, settling and drawing—all steps being sequentially

conducted in a single reactor (Irvine and Ketchum, 1989;

Wilderer et al., 1999).

The goal of this paper is to use an experimental design for

the choice of minimum Fenton reactant doses able to convert

Diuron and Linuron containing waters into biocompatible
NMe2

Cl

Cl

NH C

O

C

(a) (b

Fig. 1 – Diuron (a) and Linuro
effluents, seeking the subsequent coupling to a biological SBR

for complete organic load removal.
2. Materials and methods

2.1. Preparation of initial wastewater

Diuron (98.5% Aragonesas Agro S.A. technical grade) and

Linuron (92.6% Makhteshim Agan España ,S.A.) were used as

target compounds in the experiments (see Fig. 1 for chemical

structures). Solutions of 42 mg L�1 of Diuron and 75 mg L�1 of

Linuron were prepared in Milli-Q quality water. Those values

correspond to the maximum solubility of both herbicides in

water at 25 1C. A saturated initial solution was prepared and

then filtered by means of a 20mm nylon filter. The initial

features of the filtered solution were as follow: pH ¼ 5.7, total

organic carbon (TOC) ¼ 5072 mg L�1, chemical oxygen de-

mand (COD) ¼ 13977 mg L�1, BOD5 ¼ 571 mg L�1 and BOD5/

COD ¼ 0.033. The initial solutions were transparent and

colourless. It was also non-biodegradable, as seen by the

Zahn–Wellens test (OECD 302B, 1996). Adsorption of TOC on the

biomass was not observed after 28 days of the test duration.

2.2. Photo-Fenton experimental procedure

FeSO4 � 7H2O (Merck) and H2O2 (Panreac, 33% w/v) were used

as photo-Fenton reagents. Experiments were conducted at

2570.2 1C in a cylindrical Pyrex thermostatic cell of 0.25 L

capacity equipped with a magnetic stirrer. A 6 W Philips black

light was used as light source, providing a light intensity of

0.21 mW cm�2 into the reactor. In all the experiments, pH was

adjusted to 2.8.

Photo-Fenton reagent concentrations were selected by

means of multivariate experimental design. A central com-

posite design was used to investigate the effect of hydrogen

peroxide and iron (II) concentrations in the mineralization

percentage. Eleven experiments were carried out. Concentra-

tion of hydrogen peroxide between 10 and 250 mg L�1 and iron

(II) concentrations between 2 and 20 mg L�1 were codified in

three values within the range �1 to +1. The experiment with

the central point values was repeated three times to check the

statistical significance. The polynomial expression and re-

sponse surface were worked out with the MODDE 5.0

software. From the experimental design, four combinations

of reagent doses were selected (A, B, C and D).
Me

OMe

Cl

l

NH C N

O

)

n (b) chemical structure.
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2.3. Aerobic SBR experimental procedure

A sludge sample taken from the aerobic stage of an urban

wastewater treatment plant in Manresa (Spain) and contain-

ing an initial volatile suspended solids (VSS) value around

5 g L�1 was used as inoculum of the SBR. A dilution was

carried out to obtain a final VSS value of 0.6 g L�1 in the 1.5 L

SBR. The procedure performed in every SBR experiment was

as follow: after an aeration-reaction period (22.5 h), agitation

was stopped to let the biomass to settle down. After 1 h, a

suitable volume was withdrawn from the sample supernatant

and replaced by a phototreated solution (pH previously

adjusted to 7). Before entering the SBR, hydrogen peroxide

was removed from the treated solution by adding an excess of

sodium sulphite. Aeration was then used to convert the

remaining sulphite into sulphate (Adams et al., 1994).

Nutrients were also added to reach a constant concentration

in the SBR: MgSO4 (202 mg L�1), CaCl2 (73.4 mg L�1), NH4Cl

(76.4 mg L�1) and NaH2PO4 (1242 mg L�1). This cycle was

repeated 12 times in each experiment in order to obtain

repetitive results (i.e., variation coefficients lower than 4% in

TOC measurements). A whole cycle was completed when the

SBR total initial volume had been replaced with new solution.

The hydraulic retention time (HRT) in the SBR experiments

was 2 days. Thus, the volume of solution replaced after each

batch was

Vreplaced ¼ VSBR=HRT: (1)

Sample pH—around 7—and dissolved oxygen—not lower

than 3 mg L�1—were controlled daily. The reactor was main-

tained at laboratory temperature (20 1C) and mixed by a

magnetic stirrer. Air was supplied by a gas diffuser.

2.4. Analytical methods

Initial herbicide concentration (HPLC), TOC, COD and hydro-

gen peroxide evolution were recorded along the oxidation

process. The HPLC system included a LC-10 AT VP pump

(Shimadzu) and a UV–Visible diode array detector (Agilent

1100 Series). The detection limit of the pesticides was

0.001 mg L�1. Acetonitrile (Pobus, HPLC grade) was used to

prepare the mobile phases of the HPLC system and a 5 mm

Hypersil column (250�0.46 mm) from Teknocromas was

used as a stationary phase. TOC was analysed with a

Shimadzu 5000 apparatus. Samples of 10 ml were needed

for those analyses. COD determinations based on a close

reflux method (APHA-AWWA-WPCF, 1989) were carried out by

using 0–150 mg L�1 range Aqualytics vials. Samples of 2 ml

were required for those analyses. A HACH COD reactor and a

HACH DR/2000 spectrophotometer were used during the

analysis. The accuracy of the COD measurements was

checked by preparing a potassium hydrogen phthalate

standard, and the estimated detection limit of the technique

was 1.1 mg L�1. Correction for hydrogen peroxide interference

on the standard COD test was carried out (Kang et al., 1999).

The concentration of H2O2 was analysed by the iodometric

method (Jeffery et al., 1989): (a) 10 ml of the hydrogen peroxide

solution was transferred to 100 ml of purified water; (b) 10 ml

of 2 M sulphuric acid, 10 ml of 1 M potassium iodide solution,

and 2 ml of 50 g L�1 ammonium molybdate solution were
sequentially added; (c) the liberated iodine was immediately

titrated with 0.05 M standard sodium thiosulphate. A blank

was run at the same time.

At the end of the oxidation process toxicity (EC50
15), biodegrad-

ability (BOD5/COD) and main intermediates were analysed. The

toxicity tests were performed with a BioToxs instrument (Lab-

system), using the Vibrio fischery bacteria to asses the effective

concentration of a test sample that caused a 50% reduction in

bacteria light emission during 15 min of bacteria-toxic contact

(EC50
15). Samples of 20 ml were required for those analyses. A

WTW OxyTop system was used for BOD5 determinations.

Samples of 432 ml were needed. In those analyses, the measure-

ment accuracy was checked by making BOD5 measurements of

a mixture of 150 mg L�1 glucose and 150 mg L�1 glutamic acid.

The detection limit of this technique was 5 mg L�1.

In all biological analyses, hydrogen peroxide and iron in

solution were previously removed to avoid errors in the

measurement. Iron in solution was eliminated by raising pH

to 8 and then filtering the solution. Hydrogen peroxide was

eliminated by adding sodium sulphite, as explained above.

The intermediate products of the photodegradation of both

pesticides were extracted by solid phase extraction (Maxi-

Clean C18 600 mg, Alltech). A mixture of dichlormethane and

ethyl acetate (1/1, v/v) was used to elute the intermediate

products. This solution was concentrated under nitrogen flow

for the by-products analysis. The GC-MS was performed using

a GC (HP 6890 series) equipped with an MSD (HP 5973). The

system was equipped with an HP-5MS capillary column

(30�0.25 i.d. �0.25mm), splitless injection, and used helium

as carrier gas (1 ml min�1). The GC oven temperature was

programmed to initially hold at 50 1C for 3 min, to increase

from 50 to 275 1C at a rate of 5 1C min�1 and to hold at 275 1C

for 15 min. The injector and interface temperature were kept

at 250 1C. Mass spectra were obtained by the electron-impact

mode at 70 eV, using scan mode (30–800 m/z).

When SBR was used, volatile and total suspended solids

(VSS and TSS) concentrations, using samples of 10 ml, and

TOC were determined daily according to Standard Methods

(APHA-AWWA-WPCF, 1989).
3. Results and discussion

Oxidation of a Linuron and Diuron solution by photo-Fenton

reagents was carried out in a batch reactor in order to

ascertain whether this reaction could be used to generate an

intermediate solution that could be subsequently degraded in

a biological reactor. Thus, the possibility of coupled chemi-

cal–biological treatment of water containing Diuron and

Linuron herbicides has been explored. Multivariate experi-

mental design has been used to choose the best reactant

combination needed for a given mineralization degree.

Evolution of primary parameters like TOC, average oxidation

state (AOS) and residual H2O2 during photo-Fenton experi-

ments was investigated. Other factors like toxicity (EC50
15) and

biodegradability (BOD5/COD) of the intermediate solutions

obtained with the different reactant doses were also assessed.

There are two important factors affecting the rate of photo-

Fenton reaction once the photon source is fixed: hydrogen

peroxide dose and iron concentration. The hydrogen peroxide
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dose is important in order to obtain quantitative degradation,

while the iron concentration is important for the reaction

kinetics (Chamarro et al., 2000). Nevertheless, formation of

different scavengers of reactive species when an excess of

reactants is added to the solution can be detrimental. Thus,

the most efficient reagent concentration needs to be carefully

determined. Multivariate experimental design has been used

to accomplish such a goal.

Eleven experiments were needed to obtain the following

single polynomial expression used to fit experimental data:

Y ¼ � 6:24þ 2:61ðFe2þÞ � 0:00818ðH2O2Þ � 0:118ðFe2þÞ2

þ 0:00981ðFe2þÞðH2O2Þ: (2)

This expression shows the response factor (Y) correspond-

ing to the percentage of herbicide mineralization (i.e., TOC

removal) after 1 h of treatment time in a defined range of Fe(II)

and H2O2 concentration values (95% confidence level). The

different doses used to built the multivariate experimental

design were 2, 11 and 20 mg L�1 for Fe(II) and 10, 130 and

250 mg L�1 for hydrogen peroxide. Fig. 2 shows the 3D

response surface obtained from Eq. (2).

The TOC removal was mainly influenced by Fe(II) concen-

tration, as seen by the high coefficient of this factor in Eq. (2).

Nevertheless, an excess of ferrous ions in the system

produced a decrease in mineralization yield. The negative

coefficient of the parameter (Fe)2 in the polynomial expres-

sion accounts for this effect. The possible formation of futile

intermediate iron (IV) species (ferryl iron FeO2+) could be the
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Fig. 2 – The mineralization percentage (Y) surface of a Linuron

reactant dose after 1 h of reaction with a 6 W black light lamp, p
cause of this negative behaviour, producing a possible side

reaction that interferes with the formation of hydroxyl

radicals that are critical for the oxidation of organic matter

(Eqs. (3)–(5)) (Chan and Chu, 2003)

H2O2 þ FeðIIÞ ! FeO2þ þH2O; (3)

FeO2þ þ FeðIIÞ þHþ ! FeðOHÞ2þ þ FeðIIIÞ; (4)

FeðOHÞ2þ þHþ ! FeðIIIÞ þH2O: (5)

The formation of such a ferryl iron intermediate in iron-

peroxide systems was firstly proposed by Bay and Groin

(1932).

As seen in Fig. 2 different reactant dose combinations were

considered, each one corresponding to the minimum quan-

tities of Fe(II) and hydrogen peroxide needed to achieve a

desired mineralization percentage. The selected doses were A:

[Fe(II)] ¼ 9.25mgL�1, [H2O2] ¼ 97.1mgL�1 (16% TOC removal); B:

[Fe(II)] ¼ 13.3mgL�1, [H2O2] ¼ 143mgL�1 (25%TOC removal); C:

[Fe(II)] ¼ 15.9mgL�1, [H2O2] ¼ 202mgL�1 (36% TOC removal); and

D: [Fe(II)] ¼ 20.0mgL�1, [H2O2] ¼ 250mgL�1 (46% TOC removal).

The percentage of TOC removal was obtained from Eq. (2).

Fig. 3 shows the TOC evolution (i.e., mineralization process)

when A, B, C and D reagent combinations, obtained from the

experimental design, were used. The hydrogen peroxide

concentration remaining in solution and the AOS evolution

are also shown in Fig. 4. AOS was estimated according to the

following equation (Scott and Ollis, 1995):

AOS ¼ 4ðDOC� CODÞ=DOC; (6)
2
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where DOC and COD are expressed in moles of C L�1 and

moles of O2 L�1, respectively. The TOC removal data were

collected during 150 min experiments. The AOS and H2O2

evolution data were collected during 90 min experiments.

Although the reactant dose D was much higher than the

reactant dose B, similar results were obtained when compar-

ing the experimental TOC removal and the AOS data (ffi2)

after photo-Fenton treatment (see Figs. 3 and 4). Since the

hydroxyl radical, the main reactive species, gives a non-

selective attack, and taking into account that when the

constant TOC in solution was achieved (after 60 min. for dose
time (min)
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Fig. 3 – The TOC removal versus irradiation time during the

photo-Fenton pre-treatment of water containing Diuron and

Linuron (50 mg TOC L�1) using optimized reagent doses;

(A) (K): [Fe(II)] ¼ 9.25 mg L�1, [H2O2] ¼ 97.1 mg L�1; (B) (’):

[Fe(II)] ¼ 13.3 mg L�1, [H2O2] ¼ 143 mg L�1; (C) (m):

[Fe(II)] ¼ 15.9 mg L�1, [H2O2] ¼ 202 mg L�1; (D) (~):

[Fe(II)] ¼ 20.0 mg L�1, [H2O2] ¼ 250 mg L�1. pH ¼ 2.8 and

T ¼ 25 1C.
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Fig. 4 – The AOS (line) evolution and hydrogen peroxide

concentration remaining in solution (dotted) versus

irradiation time during the photo-Fenton pre-treatment of

water containing Diuron and Linuron (50 mg TOC L�1) using

optimized reagent doses; (A) (K): [Fe(II)] ¼ 9.25 mg L�1,

[H2O2] ¼ 97.1 mg L�1; (B) (’): [Fe(II)] ¼ 13.3 mg L�1,

[H2O2] ¼ 143 mg L�1; (C) (m): [Fe(II)] ¼ 15.9 mg L�1,

[H2O2] ¼ 202 mg L�1; (D) (~): [Fe(II)] ¼ 20.0 mg L�1,

[H2O2] ¼ 250 mg L�1. pH ¼ 2.8 and T ¼ 25 1C.
C and 30 min. for dose D) there was still H2O2 (hydroxyl radical

precursor), it seemed appropriate to assume that, in both

cases, the same by-products were obtained. It is well known

that in the case of aromatic contaminants, OH radical attack

gives rise to the hydroxylation of the benzene ring, followed

by ring opening and the formation of carboxylic acids at the

final steps of the degradation process. In fact, under some

experimental conditions, these carboxylic acids become

responsible of the residual TOC remaining in solution at long

reaction times (Franch et al., 2002).

Concerning effluents treated with reactant doses A and B,

important differences on the TOC removal and the AOS

recorded data during pre-treatment were observed. They

were also noticeably different than the values obtained for

effluents treated with reactant doses C and D (see Figs. 3 and

4). It is important to remark that in experiments A and B,

different AOS limiting values were achieved when low

residual hydrogen peroxide was present in solution. At this

point, it was reasonable to think that AOS values would

increase until 2 if more hydrogen peroxide would be added to

the solutions. AOSffi2 was the higher value attained among

the four experiments and is characteristic of rather oxidized

and biocompatible aliphatic compounds like oxalic acid

(Sarria et al., 2002).

The acute toxicity of the four different pre-treated effluents

after 1 h of photo-Fenton reaction (the time applied to the

chemical part of the chemical–biological coupled system) was

estimated. The data obtained was: EC50
15(A) ¼ 15.171.1,

EC50
15(B) ¼ 26.571.5 and EC50

15(C, D)4100%). Since the initial

EC50
15 value for Diuron and Linuron solution is 5.671.2, a

steady toxicity reduction was observed when reactant dose

increased. Effluents treated with reactant doses C and D were

considered non-toxic since EC50
15 values exceed TOC of the

original samples (indicated as EC50
154100%) (Garcia-Montaño

et al., 2006).

The biodegradability of the treated effluents after 1 h of

photo-Fenton reaction was also tested by incubating the

pre-treated effluent over a 5-days period (see Fig. 5). BOD5/

COD ratio is the most used parameter to quantify the

biodegradability of a contaminated effluent. The threshold

value of such ratio for a wastewater to be considered easily

biodegradable is 0.4 while a value between 0.2 and 0.4

corresponds to a partially biodegradable wastewater (Sarria

et al., 2002).

Complete TOC removal of the phototreated effluents could

be achieved by means of secondary biological treatment

when doses C and D were used because BOD5/COD ratios

exceeded the threshold value 0.4. Phototreated effluents

obtained using reactant doses A and B might need further

oxidation before being biologically compatible. In an attempt

to gain more knowledge about the biodegradability of the pre-

treated solutions, they were fed an SBR to simulate a real

biological treatment. Only pre-treated A, B and C samples

were tested. Sample D was discarded assuming its similarity

to sample C. The SBR start-up was done by feeding the reactor

with municipal wastewater coming from a real wastewater

treatment plant, lasting 2 weeks for each experiment, until

constant TOC and VSS values were obtained. New and fresh

biomass was used for each experiment. After the start-up

process, the SBR was fed with the tested samples A, B or C
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treatment using the optimized reagent doses obtained

from experimental design. (A): [Fe(II)] ¼ 9.25 mg L�1,

[H2O2] ¼ 97.1 mg L�1; (B): [Fe(II)] ¼ 13.3 mg L�1,

[H2O2] ¼ 143 mg L�1; (C): [Fe(II)] ¼ 15.9 mg L�1,

[H2O2] ¼ 202 mg L�1; (D): [Fe(II)] ¼ 20.0 mg L�1,

[H2O2] ¼ 250 mg L�1. Phototreatment time ¼ 1 h, pH ¼ 2.8

and T ¼ 25 1C.
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[H2O2] ¼ 97.1 mg L�1, pH ¼ 2.8 and T ¼ 25 1C.
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and it was continuously working during 12 cycles to allow

repetitive results (i.e., a TOC variation coefficient lower than

4%) and stabilization of biomass (constant VSS value). When

the SBR was fed with effluent treated with dose A, it was not

possible to achieve a constant VSS value. In this case a 30%

reduction of VSS was observed, possibly due to the toxic

nature of the metabolites formed during photo-Fenton

process (low EC50
15).

Fig. 6 summarizes the results obtained for samples A, B

and C after the complete chemical–biological treatment.

Photo-Fenton pre-treatment using reactant dose A achieved

a 16% of TOC removal after 1 h of reaction time. Biological

treatment applied to this pre-treated effluent allowed a 50%

of total TOC removal. This meant that there were still non-

biodegradable species in solution after the chemical pre-

treatment.

A GC–MS analysis was carried out in order to elucidate

those by-products that could be formed during Diuron and

Linuron phototreatment. The analysis was done for the

sample treated with dose C and after 15 min of photo-Fenton

process.

3,4-dichloroaniline and 3,4-dichlorophenyl isocyanate were

identified by the mass of the molecular and fragment ions

and also through comparison with the Wiley library data with

similarities up to 86%. Katsumata et al. (2005) observed 3,4-

dichlorophenyl isocyanate in the degradation pathway of

Linuron. Moreover, 3,4-dichloroaniline and 3,4-dichlorophe-

nyl isocyanate were also proposed as the main degradation

intermediates by Salvestrini et al. (2002) in Diuron kinetic

studies.

HPLC analyses showed that the initial herbicides had

disappeared before 40 min when using reactant dose A (see

Fig. 7). This guarantee that the initial herbicides had been

eliminated from aqueous solution in less than 1 h (the

time used for the chemical pre-treatment). Moreover, no
presence of the parent compounds was noticed in the GS–MS

analysis.

A 30% of TOC reduction was obtained in the chemical step

when wastewater was treated with dose B while 78% of the

TOC was removed when using the coupled photo-Fenton and

biological system (see Fig. 6). Concerning TOC evolution for

reactant dose C, a total TOC removal was observed after the

coupled chemical–biological system (i.e., 87% of TOC re-

moval). The remaining 13.6% (6.5 mg L�1 TOC) matched the

concentration of the residual TOC due to biomass metabo-

lism. A 40% of TOC removal was achieved in the chemical step

while biological process degraded 78% (see Fig. 6). Fig. 8 shows

the constant TOC remaining in solution as well as the

constant TOC removal in the biological treatment using

reactant dose C when this coupled system was carried out

during 12 cycles.
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4. Conclusions

A combined photo-Fenton and biological treatment has been

evaluated for the treatment of water containing Diuron and

Linuron herbicides. Multivariate experimental design has

been applied to optimize Fenton reactant doses. The conclu-

sions derived from this study are
�
 The excess in reactant doses, specially Fe(II), slow down

mineralization rate during the photo-Fenton process. This

fact could be due to the side reactions derived from oxidized

forms of reactant species. Focusing on this fact, it has been

demonstrated that there is an optimum reagent dose

combination to reach a determined mineralization degree.
�
 With these optimized reagent doses, initial herbicides

disappear from wastewater under mild conditions, and

more biodegradable by-products are formed, and could be

successfully degraded by means of a biological treatment.

3,4-dichloroaniline and 3,4-dichlorophenyl isocyanate have

been identified as intermediates in the degradation pathway.
�
 The combined photo-Fenton and biological process can

completely remove Diuron and Linuron herbicides from

water when this is treated with [Fe(II)] ¼ 15.9mg L�1 and

[H2O2] ¼ 202 mg L�1 during 1 h of UVA irradiation. After this,

complete TOC removal has been achieved in an aerobic SBR.
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bstract

A combined chemical (photo-Fenton) and biological treatment has been proposed for Diuron and Linuron degradation in water containing natural
issolved organic matter (DOM). Humic acid (HA) was used to simulate the DOM. During the photo-Fenton process ([Fe(II)] = 15.9 mg L−1,
H2O2] = 202 mg L−1, 60 min of UVA irradiation time), the chemical oxygen demand (COD), total organic carbon (TOC), toxicity (EC15

50) and
iodegradability (BOD5/COD) of the generated intermediates were assessed. A reduction of photo-Fenton efficiency was observed when HA was
resent in solution. This effect has been explained as the result of a UVA light screening as well as a OH• radical quenching process by the HA.
fter the photo-Fenton process, the initial toxic and non-biodegradable herbicides were transformed into intermediates suitable for a subsequent

erobic biological treatment that was performed in a sequencing batch reactor (SBR). Complete elimination of the intermediates in presence of

A was reached at the end of the chemical–biological coupled system. Biosorption of HA onto the aerobic biomass was characterized. The results

ndicate that the Freundlich model adequately describes the adsorption of HA, a phenomena that follows a pseudo second-order adsorption kinetic
odel.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Water shortage is an important environmental problem that
ould be ameliorated by using regenerated wastewaters [1,2].
hose are waters that after use are treated and disinfected for sub-
equent re-use. For example, water polluted with herbicides after
gricultural practices would be a good candidate for wastewater
egeneration.

Herbicides pollution is of main concern for the environment
nd public health due to the general toxic and non-biodegradable
ature of the pollutants [3]. Among the herbicides used to pre-
ent the growth of undesirable plants, phenylurea compounds
ave been widely employed since their discovery in 1950.
iuron and Linuron are two phenylurea herbicides that prevent
Please cite this article in press as: M.J. Farré et al., Combined photo-Fen
water containing humic acid, J. Hazard. Mater. (2007), doi:10.1016/j.jhaz

eed growth by inhibiting the photosynthesis.
Traditional chemical methods for wastewater regeneration

re, for instance, coagulation, precipitation [4] or adsorption [5].
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actor

he phase transference of pollutants, instead of their elimination,
s the main disadvantage associated to those techniques. They
equire a post-treatment to remove the pollutant from the newly
ontaminated environment.

In the last decades, advanced oxidation processes (AOP) have
een proposed as suitable degradation techniques for pesticide
emoval, since they are effective for degradation of water and
oil soluble organic contaminants [6]. AOPs are based on the
roduction of highly reactive hydroxyl radical (OH•) under
ild experimental conditions. This radical oxidizes organic
atter (Ered = 2.8 versus NHE) producing CO2 as the final

roduct.
Among all the AOP described, photo-Fenton is frequently

referred to others like ozonation [7] or heterogeneous photo-
atalysis with TiO2 [8]. This AOP achieves high reaction yields
ith low treatment costs, mainly due to the possibility of using

olar light as photon source [9]. In the Fenton process hydroxyl
ton and biological treatment for Diuron and Linuron removal from
mat.2006.12.063

adical promoters are Fe(II) and hydrogen peroxide [10] (reac-
ion (1), Fenton process):

e(II) + H2O2 → Fe(III) + OH− + OH• (1)

dx.doi.org/10.1016/j.jhazmat.2006.12.063
mailto:jose.peral@uab.es
dx.doi.org/10.1016/j.jhazmat.2006.12.063
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Nomenclature

AOP advanced oxidation process
b energy of Lagmuir sorption constant (L mg−1)
BOD5 biochemical oxygen demand (mg L−1)
Ce equilibrium TOC (HA) concentration (mg L−1)
COD chemical oxygen demand (mg L−1)
DO dissolved oxygen (mg L−1)
DOM dissolved organic matter
EC15

50 effective toxic concentration that causes a
50% bacteria reduction during 15 min contact
(mg L−1)

HA humic acid
HPLC high-pressure liquid chromatography
HRT hydraulic retention time
k1 rate constant of first-order sorption

(min−1)
k2 rate constant of second-order sorption

(g mg−1 min−1)
KF Freundlich adsorption capacity (mg g−1)
n Freundlich intensity constant
qe equilibrium sorption capacity (mg TOC/g TSS)
Q0 maximum adsorption capacity Lagmuir constant

(mg g−1)
TOC total organic carbon (mg L−1)
TSS total suspended solids (mg L−1)
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initial features of the filtered solution A were as follows; pH
5.7, TOC = 50 ± 2 mg L−1, COD = 139 ± 7 mg L−1, BOD5 < 5
(detection limit). The initial solution was transparent and color-
less. The solution was non-biodegradable and TOC abatement,
SBR sequencing batch reactor
VSS volatile suspended solids (mg L−1)

nder irradiation of λ < 410 nm, Fe(III) can be reduced to Fe(II)
losing a loop mechanism where Fe species act as catalyst,
roducing additional OH• [11] (reaction (2), photo-Fenton pro-
ess):

e(III) + OH− + hν → Fe(II) + OH• (2)

he main advantage associated with this AOP is not only the
ossibility of using solar light as the photon source, but also the
nvironmental compatibility of reactants. At the end of photo-
enton process any remaining hydrogen peroxide decomposes

o H2O. On the other hand, Fe(II) can be eliminated by rais-
ng the pH of the solution if its concentration exceeds the legal
nvironmental disposal level.

Recently, the coupling of an AOP and a biological treatment
as been proposed as a new approach to regenerate polluted
ffluents [12–15]. The objective of this strategy is the use of
n AOP to convert initial toxic and non-biodegradable com-
ounds into by-products that can be assimilated by the biomass.
ccordingly, the economic cost and environmental impact, that

re often associated with the chemical process, are substantially
inimized.
A sequencing batch reactor (SBR), based on the biodegrada-
Please cite this article in press as: M.J. Farré et al., Combined photo-Fen
water containing humic acid, J. Hazard. Mater. (2007), doi:10.1016/j.jhaz

ion activity of an aerobic bacteria consortium, is used in this
tudy after chemical treatment to completely remove organic
atter. This biological treatment configuration has become pop-

lar for its efficiency and flexibility [16]. Also, it is considered
 PRESS
s Materials xxx (2007) xxx–xxx

uitable as a biological system “model” due to the small volumes
f effluent to be treated in a laboratory study, as well as the good
ontrol it offers. The conventional SBR operation is based on
he principle of four sequential steps – i.e., fill, react, settle and
raw – all them being operated in a single reactor [17,18].

Many efforts have been made by different research groups
o eliminate phenylureas from synthetic wastewaters [19–22].
s real effluents also contain natural dissolved organic matter

DOM), it is important to study the degradation of those her-
icides in the presence of humic substances. Humic substances
enerally constitute 30–50% of the dissolved organic carbon
DOC) of natural DOM in surface waters [23]. Zepp et al. [24]
uggest that the phenolic humic substances, which are present
n most inland waters, inhibit the free radical chain reaction that
akes place in all AOPs. In addition of being a radical scavenger,
umic acid (HA) may also trap photons during the photolysis
rocess [25].

Previous studies have shown the optimal properties of
hemical–biological coupled systems for the removal of Diuron
nd Linuron from water without interferences [22].

In this work, we study the Diuron and Linuron removal from
ater in the presence of HA. With this aim, COD, TOC, herbi-

ide concentration, EC15
50 and BOD5/COD of the intermediates

enerated at the end of the chemical step have been measured.
oreover, a SBR has been used to evaluate the feasibility of

he coupled chemical–biological treatment for water contain-
ng those herbicides in the presence of high concentrations
f HA.

Since adsorption of HA onto the biomass was observed, char-
cterization of this process has been also required.

. Experimental

.1. Preparation of initial wastewater

Diuron (98.5% Aragonesas Agro S.A. technical grade), Lin-
ron (92.6% Makhteshim Agan España, S.A.) and HA (Aldrich
o.) were used as target compounds in the experiments (see
ig. 1 for herbicides chemical structures). A unique solu-

ion of 42 mg L−1 of Diuron and 75 mg L−1 of Linuron in
illipore Milli-Q purified water was prepared. These values

orrespond to the maximum solubility of both herbicides in
ater at 25 ◦C. A saturated initial solution was prepared and

hen filtrated by means of a 20 �m nylon filter (solution A). The
ton and biological treatment for Diuron and Linuron removal from
mat.2006.12.063

Fig. 1. Diuron (a) and Linuron (b) molecular structures.

dx.doi.org/10.1016/j.jhazmat.2006.12.063
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ue adsorption onto the biomass, was not observed after 28 days
f Zahn–Wellens test [26].

A mixed herbicide–HA solution (solution B) was prepared
y continuously stirring solid HA in the solution A. The ini-
ial features of solution B were as follows: 200 mg L−1 of
A, pH 8.3, TOC = 123 ± 6 mg L−1, COD = 342 ± 10 mg L−1,
OD5 < 5 (detection limit). This solution was brown in color.

Finally, a HA solution (200 mg L−1) was prepared as control
ample (solution C). The initial features of solution C were as fol-
ow: pH 8.3, TOC = 73 ± 7 mg L−1, COD = 203 ± 10 mg L−1,
OD5 < 5 (detection limit). TOC abatement due to HA adsorp-

ion onto the biomass was observed and characterized.

.2. Experimental procedure

.2.1. Humic acid adsorption studies
The activated sludge was directly obtained from the aerobic

tage of a full-scale urban wastewater treatment plant (WWTP)
n Manresa (Spain). Initial total suspended solids (TSS) value
as around 3300 mg L−1. A dilution was carried out to obtain a
SS value of 1000 mg L−1 in the final 1 L solution. The adsorp-

ion of HA by the living activated sludge was studied as a
unction of contact time. The adsorption kinetics were calcu-
ated by adding 200 mg L−1 of HA to the 1 L biological reactor
1000 mg L−1 TSS concentration). The reactor was agitated
t a constant temperature (20 ◦C). Samples were periodically
ollected from the reactor and the sludge was removed by cen-
rifugation. In order to obtain the adsorption kinetic constant
alue, TOC in solution was measured during 400 min.

Isotherm adsorption experiments were conducted using
50 mL vessels that contained 10 mL of activated sludge
3300 mg L−1 TSS) and 90 mL of HA solutions of different con-
entration (from 100 to 1000 mg L−1). pH was adjusted to 7.
he vessels content was stirred at room temperature during 24 h

20 ◦C). After that, TOC was measured.
In both experiments TOC measurements were also done in

blank run without HA (the same amount of biomass) in order
o correct the final TOC values of each sample for desorbed
rganic matter. The final dissolved HA concentration (TOC) was
alculated by subtracting the blank sample TOC values from the
A samples TOC values.

.2.2. Photo-Fenton experimental procedure
FeSO4·7H2O (Merck) and H2O2 (Panreac, 33%, w/v) were

sed in the photo-Fenton experiments. Experiments were con-
ucted at 25 ± 0.2 ◦C in a cylindrical Pyrex thermostatic cell
f 0.275 L capacity provided with a magnetic stirrer. A 6 W
hilips black light was used as photon source. The intensity
f the light entering the photo-reactor, measured by actinome-
ry, was 0.21 mW cm−2.The photo-Fenton reactor was protected
rom any external light with a dark cover. The photo-treatment
ime selected was 60 min. pH was adjusted to 2.8 in all solu-
ions before starting the photo-Fenton reaction [27]. Samples
Please cite this article in press as: M.J. Farré et al., Combined photo-Fen
water containing humic acid, J. Hazard. Mater. (2007), doi:10.1016/j.jhaz

ere periodically taken from solution with a syringe. TOC,
OD and hydrogen peroxide evolution were measured. At

he end of the photo-treatment BOD5/COD and toxicity were
ssessed.
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.2.3. Aerobic sequencing batch reactor experimental
rocedure

Three identical sequencing batch reactors of 1.5 L (SBR 1,
BR 2 and SBR 3) were used to simulate the activated sludge
rocess. A dilution of biomass from the urban wastewater treat-
ent plant was carried out to obtain a TSS value of 1000 mg L−1

n the final sequencing batch reactor.
SBR 1 was fed with Diuron–Linuron photo-treated solution

A). SBR 2 was fed with Diuron–Linuron and HA (200 mg L−1)
hoto-treated solution (B). Finally, SBR 3 worked as a con-
rol and was fed with a HA (200 mg L−1) solution (C). Prior
o feed the SBR, hydrogen peroxide was removed from the
hoto-treated solutions by adding an excess of sodium sulphite.
eration was then used to convert the remaining sulphite into

ulphate [28]. When direct fed was not possible (several 250 mL
hemical reaction batches were needed to fill the 1.5 L biological
eactor) storage at around −8 ◦C was required.

The procedure followed every day was: after the
eration–reaction period (22.5 h), agitation was stopped to let
he biomass to settle down. After 1 h, the volume to be changed
ccording to the hydraulic retention time (HRT) was decanted
rom the supernatant and replaced by the corresponding photo-
reated solution (pH 7 previously adjusted). The HRT of the
BR experiments, that measures the average time that the efflu-
nt remains in the bioreactor, was two days. Thus, the volume
f solution replaced after each batch was:

replaced = VSBR

HRT
(3)

inerals were also daily added to reach a constant
utrient concentration in the SBR: MgSO4 (202 mg L−1),
aCl2 (73.4 mg L−1), NH4Cl (76.4 mg L−1) and NaH2PO4

1242 mg L−1).
TOC measurement of the replaced solution was carried out.

his process was repeated 16 cycles in each run in order to obtain
epetitive results (i.e., a variation coefficient of TOC measure-
ents lower than 4%). One cycle was achieved when the total
BR initial volume had been replaced with new solution. Volatile
nd total suspended solids (VSS and TSS) were measured daily.

The pH around 7 and dissolved oxygen (DO) – not lower than
mg L−1 – were daily controlled. The reactor was maintained at

aboratory temperature (20 ◦C) and mixed by a magnetic stirrer.
ir was supplied by a gas diffuser.

.3. Analytical methods

The initial herbicide concentration, TOC and COD data
ere recorded during the oxidation process. The HPLC sys-

em, used in the determination of herbicides concentration,
as formed by a LC-10 AT VP pump (Shimadzu) and a
V–vis diode array detector (Agilent 1100 Series). Acetoni-

rile (Pobus, HPLC grade) was used to prepare the mobile
hases in the HPLC system and a 5 �m Hypersil column
ton and biological treatment for Diuron and Linuron removal from
mat.2006.12.063

250 mm × 0.46 mm) from Teknocroma was used as stationary
hase. TOC was analyzed with a Shimadzu TOC-VCSH appa-
atus. 0–150 and 0–1500 mg L−1 range Aqualytic vials were
sed for chemical COD determination based on a close reflux

dx.doi.org/10.1016/j.jhazmat.2006.12.063
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etermination method [29]. This analysis was done in a COD
eactor from HACH Co., and a HACH DR/2000 spectropho-
ometer was used for colorimetric measurement. The accuracy of
he COD measurements was checked by preparing a potassium
ydrogen phthalate standard. Correction for hydrogen peroxide
nterference on the standard COD test was carried out [30]. The
oncentration of H2O2 was analyzed by the iodometric method
31].

At the end of the oxidation process, toxicity (EC15
50) and

iodegradability (BOD5/COD) were analyzed. The toxicity tests
ere performed with the BioTox® equipment (Lab-system)
sing the Vibrio fischery bacteria to asses the effective concen-
ration of a test sample that caused a 50% reduction in bacteria
ight emission during 15 min of bacteria-toxic contact (EC15

50).
WTW OxyTop system was used for BOD5 determinations.

n those analyses, the data accuracy was checked by making
OD5 measurements of a mixture of 150 mg L−1 of glucose
nd 150 mg L−1 of glutamic acid. In all the biological analysis
ydrogen peroxide and iron were previously eliminated from
olution to avoid interferences. Iron was eliminated by raising
he pH to 8 and then filtering the solution. Hydrogen peroxide
as eliminated by adding sodium sulphite.
When the SBR was used, VSS and TSS were determined

ccording to Standard Methods [32]. All analytical measure-
ents were repeated at least two times.

. Results and discussion

.1. Kinetic experiments of humic acid biosorption

In this paper Diuron and Linuron removal from water in the
resence of HA by means of a coupled chemical and biological
ystem is examined. Adsorption of HA onto de biomass was
bserved and its characterization was required.

Lagergren suggested a rate equation for the solutes adsorption
nto a solid surface [33]. This pseudo-first-order rate linearized
quation is

og(qe − qt) = log qe − k1t

2.303
(4)

here k1 is the rate constant of the pseudo-first-order sorption.
he pseudo-first-order equation has been extensively used to
escribe the sorption kinetics [34,35]. Nevertheless, not com-
lete regression adjustment was obtained when this model was
sed to fit biosorption of HA onto the biomass (i.e., R2 = 0.958,
1 = 33 × 10−4 min−1).

Thus, a pseudo-second-order model was used to analyze the
ata. The resulting linearized rate law for this system was

1

qt

= 1

k2q2
e

+ 1

qe
t (5)

here k2 is the rate constant of the pseudo-second-order sorp-
ion. This model has been applied to analyze sorption kinetics
Please cite this article in press as: M.J. Farré et al., Combined photo-Fen
water containing humic acid, J. Hazard. Mater. (2007), doi:10.1016/j.jhaz

n liquid–solid interfaces by Ho et al. [36,37]. Comparing both
seudo-first and pseudo-second-order models, a closer to 1.0
orrelation coefficient is observed for the pseudo-second-order
odel (i.e., R2 = 0.999). Thus, this model is better to describe

a
c
t

ig. 2. Linearized pseudo-second-order kinetic model for the adsorption of
umic acid onto alive aerobic biomass (initial humic acid concentration of
00 mg L−1). T = 20 ◦C, pH 7, VSS = 1.05 g L−1.

he biosorption kinetics of HA (see Fig. 2) and, consequently,
pseudo-second-order rate constant of HA adsorption onto the
iomass has been determined (31 × 10−4 g mg−1 min−1).

Azizian [38] concludes that the pseudo-second-order model
s suitable for sorption kinetics when the initial sub-
trate/adsorbent concentration ratio is low. On the other hand,
hen the initial ratio is high the pseudo-first-order model
ecomes more adequate. This is in agreement with the present
xperimental situation since a HA/biomass ratio used is 0.2 has
een used, and this is considered a relatively low quantity of
ubstrate for the available adsorption sites.

.2. Isotherm study

The equilibrium of HA biosorption was modeled using Fre-
ndlich and Langmuir isotherms. The Langmuir isotherm is
alid for a monolayer adsorption onto the surface with a finite
umber of identical sites. The linearized Langmuir equation is
iven as

Ce

qe
=

(
1

bQ0

)
+

(
Ce

Q0

)
(6)

here Q0 and b are the Langmuir constants characteristic of the
ystem.

The linearized Freundlich equation, that attempts to incorpo-
ate the role of substrate–substrate interactions on the surface,
s given as

og qe = log KF +
(

1

n

)
log Ce (7)

here KF and n are the Freundlich constants characteristic of
he system. These constants indicate the adsorption capacity and
dsorption intensity, respectively.
ton and biological treatment for Diuron and Linuron removal from
mat.2006.12.063

Table 1 shows the parameters obtained for the Langmuir
nd Freundlich models. The closer to 1.0 correlation coeffi-
ient of the Freundlich suggests that this model better describes
he biosorption equilibrium of HA (see Fig. 3). The Freundlich

dx.doi.org/10.1016/j.jhazmat.2006.12.063
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Table 1
Lagmuir and Freundlich isotherm constants of humic acid adsorption onto alive
aerobic biomass

Parameters

Langmuir
Q0 (mg g−1) 245
1/b (mg L−1) 54.0
R2 0.976

Freundlich
KF (mg g−1) 24.2
1/n 0.392
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Fig. 4. Diuron and Linuron pseudo-first order degradation kinetic constants in
p
m

a
t
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f

R2 0.990

= 20 ◦C; pH 7.

odel describes a monolayer adsorption on a solid surface char-
cterized by an asymmetrical energy distribution, for instance
biomass surface. Furthermore, the experimental data of the

resent work agrees with the results obtained in a previous work
39].

.3. Photo-Fenton oxidation of Diuron and Linuron

Diuron and Linuron removal from water using a
hemical–biological coupled system via photo-Fenton process
as been previously studied in our research group [22]. Results
howed that 202 mg L−1 of H2O2 and 15.9 mg L−1 of Fe(II)
ere required to convert initial toxic and non-biodegradable
erbicides into by-products that could be assimilated by the
iomass. The photo-treatment time was 60 min.

The mineralization of Diuron and Linuron herbicides in pres-
nce of HA has been carried out in order to evaluate the effects of
OM as interference. Thus, the Diuron–Linuron–HA solutions
ere treated with the same chemical reactant dose that rendered
Please cite this article in press as: M.J. Farré et al., Combined photo-Fen
water containing humic acid, J. Hazard. Mater. (2007), doi:10.1016/j.jhaz

iocompatible photo-treated effluents when no HA was in the
edia (i.e., 202 mg L−1 of H2O2 and 15.9 mg L−1 of Fe(II)).
Preliminary experiments were performed in order to estab-

ish the adequate HA load. It was observed that in absence of

ig. 3. Linearized Freundlich adsorption isotherm model at 20 ◦C. pH 7,
SS = 0.33 g L−1.
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resence of different concentrations of humic acid during photo-Fenton treat-
ent. Fe(II)] = 15.9 mg L−1, [H2O2] = 202 mg L−1, T = 25 ◦C.

ll photo-Fenton components (i.e., reactants and UVA light)
here was no herbicides degradation. On the other hand, TOC
orresponding to HA did not decreased after the photo-Fenton
reatment, probably due to the low intensity of the light source
sed in this experimental work (i.e., 0.21 mW cm−2).

As shown in Fig. 4, the Diuron and Linuron degradation kinet-
cs by photo-Fenton are significantly affected by the presence
f HA. The more HA is present in the solution, the slower the
egradation of pesticides results. For HA concentration above
00 mg L−1 only minor differences in herbicide removal were
ound. This effect was also observed in a similar work when

3/UV process was used [40].
Therefore, a concentration of 200 mg L−1 of HA was selected

or subsequent experiments. The TOC corresponding to this HA
oncentration is 73 ± 7 mg L−1. This high concentration ensures
he applicability of the present proposed degradation strategy in a
eal water sample since TOC corresponding to humic substances
n surface waters generally ranges from 3 to 20 mg L−1 [42].

Fig. 5 shows the relative TOC evolution of solution A (Diuron
nd Linuron), B (Diuron, Linuron and 200 mg L−1 of HA) and C
200 mg L−1 HA) during the photo-Fenton treatment. The TOC
oncentration of photo-treated solution B was 110 ± 5 mg L−1.
he subtraction of 73 ± 7 mg L−1 of TOC, corresponding to
A, was required at the end of photo-Fenton process of solu-

ion B in order to compare the mineralization results in the
resence of HA with the results in absence of the interference
i.e., TOCB–C = 37 ± 9 mg L−1, TOCA = 32 ± 4 mg L−1). It has
een reported that HA can compete with target compounds for
ydroxyl radicals, thus slowing down the degradation of those
ompounds [41]. Moreover, a UVA light screening can be also
possible explanation of the slower degradation of Diuron and
inuron with increasing HA concentration.
ton and biological treatment for Diuron and Linuron removal from
mat.2006.12.063

.4. Assessment of photo-treated effluent biodegradability

After photo-Fenton process, A and B solutions were pro-
osed for a posterior biological treatment. The analysis of BOD5

dx.doi.org/10.1016/j.jhazmat.2006.12.063
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Fig. 5. Relative TOC evolution versus irradiation time of solutions A (Diuron
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the end of the biological treatment in the SBR 3 (65 ± 3 mg L−1)
did not match the TOC measurements of the initial solution
(73 ± 7 mg L−1). Non-adsorbed HA was replaced according to
the HRT, and TOC accumulation was not observed. Stabilization

Fig. 6. Final TOC and percentage of TOC removal after aerobic biologi-
nd Linuron) and B (Diuron, Linuron and HA) and C (HA) during photo-Fenton
reatment. [Fe(II)] = 15.9 mg L−1, [H2O2] = 202 mg L−1, T = 25 ◦C.

nd toxicity were required in order to assess the compatibil-
ty with the biological system. To assess the biodegradability
f the photo-treated solutions that contained Diuron, Linuron
nd HA, it was necessary to evaluate the biodegradability of
olution C (i.e., HA alone). Results indicate that the biomass
as not able to assimilate HA after the photo-Fenton treat-
ent (i.e., [BOD5]C < 5 mg L−1, CODC = 203 ± 10 mg L−1,

BOD5/COD]C < 0.02). A BOD5/COD ratio higher than 0.40
nsures the biocompatibility of photo-treated solution A
[BOD5/COD]A = 0.51 ± 0.1) [43].

COD value of photo-treated solution B (i.e.,
ODB = 264 ± 10 mg L−1) was corrected with COD value of

olution C as HA was recalcitrant to OH• attack in the chemical
rocess. On the other hand, the BOD5 value of solution C
as used to correct the corresponding values of photo-treated

olution B (i.e., [BOD5]B = 28 ± 1 mg L−1). In this way,
BOD5]B–C = 26 ± 3 mg L−1 and CODB–C = 61 ± 14 mg L−1.

These corrected results of photo-treated solution B were
ompared with the results obtained with photo-treated solu-
ion A (i.e., [BOD5/COD]B–C = 0.41 ± 0.1, [BOD5/COD]
= 0.51 ± 0.1). Both can be considered biodegradable since

he BOD5/COD threshold for a wastewater to be considered
asily biodegradable is 0.4 [43]. Nevertheless, a difference in
OD measurements was observed (CODB–C = 61 ± 14 mg L−1,
ODA = 33 ± 4 mg L−1), thus indicating a different oxidation

tate in the by-products formed during the mineralization pro-
ess. This different oxidation state of the generated by-products
s due to the reduction of photo-Fenton efficiency as explained
bove.

Toxicity of photo-treated effluents was analyzed by means
f BioTox equipment. EC15

50 values for all the solutions after
hoto-Fenton process were higher than TOC effluent concen-
ration. This means that none of the solutions (A, B or C) were
oxic [14]. According to BOD5, COD and EC15

50 data, it can be
Please cite this article in press as: M.J. Farré et al., Combined photo-Fen
water containing humic acid, J. Hazard. Mater. (2007), doi:10.1016/j.jhaz

uggested that intermediates coming from Diuron and Linuron
erbicide oxidation with or without the presence of HA are good
andidates for a SBR treatment.
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.5. Biological treatment of photo-treated solutions

In an attempt to gain more insight into the biodegradability of
he pre-treated solutions, a SBR was used to simulate a real bio-
ogical treatment. Three SBR were studied in parallel. The SBR
was fed with photo-treated solution A (Diuron and Linuron).
BR 2 was fed with photo-treated solution B (Diuron, Linuron
nd HA). Finally, SBR 3 was fed with solution C (HA). A start-
p period (one 10-day hydraulic retention time (HRT) cycle for
ach SBR) was initially required. The influent was a completely
iodegradable municipal wastewater obtained from the WWTP.
he purpose of this preliminary step was to ensure the biomass
iability and to establish, as a reference, the residual TOC that
he SBR system is not able to handle. The steady TOC obtained,
ttributed to the metabolites released by the biomass, remained
table at 6.5 mg L−1.The operation with the herbicides samples
as performed once the blank cycle was completed.
When SBR 1 was feed with photo-treated solution A, around

0% of TOC removal was daily achieved without any required
cclimation process. The residual TOC present in SBR 1
atched the TOC concentration attributed to the metabolites

eleased by the stabilized biomass (VSS = 0.60 ± 0.03 g L−1).
ig. 6 shows data obtained along this experiment for a total of 16
ycles. From the data it was concluded that Diuron and Linuron
erbicides could be completely removed from water with the
oupled chemical–biological process. More details about those
xperimental results are reported elsewhere [22].

SBR 2 and SBR 3 were used to investigate the biodegradabil-
ty of Diuron and Linuron photo-treated effluents in the presence
f HA. The initial TOC of the photo-treated solution B was
10 ± 10 mg L−1 while the initial TOC of recalcitrant solution
was 73 ± 7 mg L−1. Removal of TOC in the SBR 3 was not

xpected since (BOD5/COD)C ratio was 0.02. Nevertheless, due
o the previous detected HA biosorption, TOC measurements at
ton and biological treatment for Diuron and Linuron removal from
mat.2006.12.063

al treatment (SBR 1) of photo-treated solution A (Diuron and Linuron).
[Fe(II)] = 15.9 mg L−1, [H2O2] = 202 mg L−1) during 12 cycles. HRT = 2 days,
= 20 ◦C. Stabilized VSS = 0.60 ± 0.03 g L−1.

dx.doi.org/10.1016/j.jhazmat.2006.12.063
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Fig. 7. TOC concentration at the end of the biological treatment for photo-
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pseudo-second-order adsorption kinetic model. Moreover,
iosorption equilibrium has been described by the Freundlich
sotherm model.
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1. Concluding remarks 

The necessity for sustainable treatment of wastewater polluted with biorecalcitrant 
compounds was the grounds for the evaluation of coupling AOPs with biological treatment to 
remove herbicides from water. In the first part of this thesis, an effective AOP for the removal of 
different herbicides from water was selected. The AOPs tested were photo-Fenton, TiO2-
photocatalysis, ozone/UV, photo-Fenton/ozone and TiO2-photocatalysis/ozone. The subsequent 
complete TOC abatement by means of a biological treatment was then undertaken. From such 
evaluation the following conclusions were drawn: 

 Among the AOPs selected and tested under similar experimental conditions, the photo-
Fenton/ozone coupled system is the most effective method to degrade aqueous solutions 
of Alachlor, Atrazine, Chlorphenvinfos, Diuron, Isoproturon and Pentachlorophenol 
herbicides.  

 The initial herbicide degradation process, that occurs through oxidation of organic 
molecules by means of their reaction with the generated hydroxyl radical, follows a first 
and zero-order kinetics when photo-Fenton/ozone and TiO2-photocatalysis/ozone are 
applied respectively.  

 After degradation of parent herbicide by means of the photo-Fenton/ozone process, 
biodegradability increases for Isoproturon, Diuron, Alachlor and Atrazine herbicides 
solutions, but not for Pentachlorophenol. In the case of Alachlor and Atrazine solutions 
the biodegradability increase takes place with a simultaneous increase in toxicity.  

 

The second part of the thesis was based on the combination of photo-Fenton with biological 
treatment for the remediation of water polluted with Diuron and Linuron phenylurea herbicides. 
From that assessment the following conclusions were inferred: 

 An optimized photo-Fenton process can be effectively used to completely degrade and 
significantly mineralize a mixed solution of Diuron and Linuron herbicides.  
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 An excess of reactants, especially Fe2+, slows down the mineralization rate due to the 
side reactions derived from oxidized forms of reactant species. Thus, there is an optimum 
reagent dose combination to reach a determined mineralization degree. 

 Along the oxidation process, the hydroxyl radical firstly attacks the aromatic ring and 
methyl group leading to the formation of more oxidized compounds with different 
biorecalcitrant nature. 1,1-dimethylurea, methylurea, oxalic, acetic and formic acids  as 
well as 3,4-dichloroaniline, and 3,4-dichlorophenyl isocyanate among other minority 
compounds are generated during the mineralisation process.  

 An optimized photo-Fenton/biological coupled treatment can be used to completely 
mineralize Diuron and Linuron herbicide solutions. Optimised photo-Fenton reagent 
concentrations are [Fe2+]=15.9 mg·L-1 and [H2O2]=202 mg·L-1. After one hour of UVA 
irradiation time, the remaining TOC is completely eliminated in an SBR.   

 The coupled photo-Fenton/biological treatment is an effective method to remove Diuron 
and Linuron herbicides from water also in the presence of humic acid. Nevertheless, the 
presence of this interference slows down the herbicide degradation rates due to a UVA 
light screening as well as a hydroxyl radical quenching process.  

 Adsorption of humic acid onto the biomass follows a pseudo-second-order kinetics model 
and biosorption equilibrium is correctly described by the Freundlich isotherm model. 

 In terms of environmental impact, the coupling between photo-Fenton and biological 
treatment is the best option to remove Diuron and Linuron herbicides from water when 
comparing with single artificial light assisted photo-Fenton and single solar assisted 
photo-Fenton.  The environmental impacts associated to the production of hydrogen 
peroxide, followed by electricity required to run the UVA light are significant. 
Consequently, a noticeable environmental improvement could be expected if solar 
assisted photo-Fenton coupled to a biological treatment was applied to remove Diuron 
and Linuron herbicides from water.  
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Abstract 

Freshwater polluted with herbicides is a problem of general concern since these compounds are 
commonly toxic and non biodegradable. An innovative technology for the elimination of such 
compounds is the coupling between an AOP (Advanced Oxidation Process) and a biological 
treatment. The success of this coupled methodology depends on the biodegradable nature of the 
by-products originated at the end of the chemical stage. The present paper is based on the 
analysis of the intermediates generated during the chemical oxidation of Diuron and Linuron 
herbicides using three different doses of photo-Fenton reactants. Among the three effluents 
obtained after the chemical pre-treatment, only the most oxidised is completely biodegradable. 
Several analytical methods: reverse phase ultra pressure liquid chromatography UPLC(RP)/MS, 
ionic chromatography IC and gas chromatography/MS have been used to elucidate the 
degradation mechanism. Beyond conventional separation methods, hydrophilic interaction 
chromatography HILIC coupled with mass spectrometry has been necessary to identify small 
polar compounds at the end of oxidation process. The first steps of the degradation mechanism 
have been ascertained. Furthermore, different by-products have been found at the end of the 
chemical process when different reactant doses were used. These differences have been based 
on the presence of urea derivates (methylurea, 1,1-dimethylurea) and unidentified chlorinated 
compounds.  

 

Keyword: biodegradability, herbicides, by-products, biological treatment, photo-Fenton. 
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1. Introduction 

Nowadays herbicides are indispensable for agricultural practices. Nevertheless 
herbicides also represent a water quality risk factor because these substances are generally toxic 
and non biodegradable. A part from lixiviates coming from agricultural fields, washing of herbicide 
containers and unused treatment solutions also contribute to this problem producing highly 
polluted effluents that should be treated before their disposal to the environment.  

Conventional technologies for the removal of pollutants include biological, physical and 
chemical treatments. The drawbacks of biological wastewater treatment plants (WWTP) are 
based on the requirement of a long residence time to degrade the pollutants because 
microorganisms are affected by the toxicity of the herbicides [1]. Physical treatments require a 
post-treatment to remove the pollutant from the newly contaminated environment. Finally, 
chemical treatments require a large amount of reactant and generally are expensive.  In this 
situation, the development of new technologies aimed at the straight forward degradation of such 
substances is of practical interest. 

In recent years the coupling between an Advanced Oxidation Process (AOPs) and 
biological systems for the treatment of different polluted effluents has been proposed [2-7]. In this 
way the AOP is performed as a first step to enhance the biodegradability and generate a new 
effluent able to be treated in a biological plant. AOPs are based on the production of the highly 
reactive hydroxyl radical (OH·) under mild experimental conditions. This radical can react with 
organic matter (redox standard potential 2.8 V vs NHE) producing CO2 as final product. Due to 
the reactivity of free hydroxyl radicals, their attack is non-selective, which is useful for the 
treatment of wastewater containing many different pollutants.  

Photo-Fenton is preferred among the other AOPs because it achieves high reaction 
yields with low treatment costs, mainly due to the possibility of a more effective use of solar light 
as a photon source [8]. In this process the hydroxyl radical promoters are Fe(II) and hydrogen 
peroxide [9] (reaction a1.1.1, Fenton process).  

 Fe2+ + H2O2 → Fe3+ + OH- + OH· (a1.1.1)  
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Under irradiation of λ<410 nm, Fe(III) can be reduced to Fe(II) closing a loop mechanism 

where Fe species act as catalyst, giving rise to additional OH· [10] (reaction a1.1.2, photo-Fenton 
process).  

 Fe(OH)2+ + hν → Fe2+ + OH· (a1.1.2)  

The best optimization of a chemical-biological coupled system can be achieved by using 
a low amount of reactants in the chemical step. However, these reactant doses should assure the 
biocompatibility of the by-products generated. With this objective, the monitoring of the 
intermediates produced in the chemical treatment is indispensable to understand the biological 
compatibility of the phototreated effluent. This monitoring is not always easy since by-products 
generated in such oxidation processes can be small polar compounds with different chemical 
structure and low concentration. In this situation, reversed phase liquid chromatography HPLC 
(RP) is not the best separation method because polar compounds are not retained on non polar 
stationary phases. On the other hand, normal phase HPLC eluents (often based on hexane) 
produce an incompatibility with mass detectors since ionization is not easily achieved in totally 
organic, nonpolar eluents. When hydrophilic interaction chromatography (HILIC) [11] is performed 
aqueous mobile phases, usually containing more than 50% of organic solvent, and a polar 
stationary phase like diol, silica or amine are used. The retention of polar compounds is increased 
when the proportion of organic solvent is increased. Alpert et al [11] suggested that the retention 
mechanism involves portioning of the analyte between the mobile phase and a layer of mobile 
phase enriched with water on the stationary phase. In this way the elution order in HPLC(HILIC) 
is more or less the opposite of that seen in HPLC (RP). So HPLC (HILIC) coupled with mass 
spectrometer appears to be an appropriate method for the determination of the concentration and 
structure of small polar compounds.  

Phenylurea compounds are herbicides which have been widely used since their 
discovery in 1950. Linuron, 3-[3,4-(dichlorophenyl)-1-methoxy-1-methylurea] and Diuron  3-[3,4-
(dichlorophenyl)-1,1-dimethylurea] were selected as target compounds. 

The degradation of Diuron and Linuron herbicides by means of the coupling of photo-
Fenton and biological treatment was performed and published in a previous work [5]. In that study, 
three different photo-Fenton reagent doses were used in the chemical treatment (i.e., A: 



                                                                                                                          ANNEXE 1 
 
                                                                                                       
 

 - 168 - 

[Fe(II)]=9.25 mg·L-1,  [H2O2]=97.1 mg·L-1; B: [Fe(II)]=13.3 mg·L-1, [H2O2]=143 mg·L-1 ; C: 
[Fe(II)]=15.9 mg·L-1, [H2O2]=202 mg·L-1. ). The photo-Fenton reaction was run for 60 minutes. 
The disappearance of initial herbicides during the photo-Fenton process was determined by 
HPLC/UV analyses for all the doses used. The percentages of TOC removal after the chemical 
step when dose A, B and C were used were 16, 25 and 36% respectively. After that, a biological 
system was used in order to completely remove organic matter from solution. Among the three 
photo-Fenton doses selected, only dose C successfully converted the initial toxic and non 
biodegradable effluent into a new form which was able to be assimilated by the biomass. Figure 
a1.1.1 shows the percentage of TOC removal after the chemical-biological coupled system for the 
treatment of Diuron and Linuron.  
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Figure a1.1.1. % TOC removal in photo-Fenton pre-treatment and biological Sequencing Batch Reactor (SBR) 
coupling system as function of photo-Fenton dose. A: 9.25 mg·L-1 Fe(II), 97.1 mg·L-1 H2O2; B: 13.3 mg·L-1 Fe(II), 143 

mg·L-1 H2O2 and C: 15.9 mg·L-1 Fe(II), 202 mg·L-1 H2O2. 

 

The aim of the present paper is to enhance the knowledge on the chemical composition 
of the three effluents after photo-Fenton in view to understand the difference of biodegradability of 
each effluent as well as to determine a possible reaction mechanism of the oxidation of both 
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herbicides. Heteroatoms, short acids as well as oxidized by-products evolution were analyzed in 
order to obtain such information. 

 

2. Materials and methods 

2.1. Preparation of initial wastewater 

Diuron (98.5% Aragonesas Agro S.A. technical grade) and Linuron (92.6% Makhteshim 
Agan España ,S.A.) were used as target compounds in the experiments. A initial saturated 
solution was prepared in water purified in a Millipore Milli-Q system and then filtrated by means of 
a 20 μm nylon filter. The concentration of the initial solution was 42 mg·L-1 and 75 mg·L-1 of 
Diuron and Linuron respectively. These values correspond to the maximum solubility of both 
herbicides in water at 25 oC. The initial solution was transparent and colourless. 

 

2.2. Photo-Fenton experimental procedure  

FeSO4·7H2O (Merck) and H2O2 (Panreac, 33% w/v) were used in the photo-Fenton 

experiments. Experiments were conducted at 25±0.2 oC in a cylindrical Pyrex thermostatic cell of 

250 cm3 capacity provided with a magnetic stirrer. A 6W Philips black light with a measured 
intensity of 0.21 mW/cm2 was used as a photon source. In all the experiments pH was adjusted to 
2.8 with H2SO4. Three different combinations of photo-Fenton reagents were used (i.e., A: 
[Fe(II)]=9.25 mg·L-1,  [H2O2]=97.1 mg·L-1; B: [Fe(II)]=13.3 mg·L-1, [H2O2]=143 mg·L-1 ; C: 
[Fe(II)]=15.9 mg·L-1, [H2O2]=202 mg·L-1. ) 

The experimental procedure was as follows: in each experiment the photo-reactor was 
charged with 0.250 L of solution to be photo-treated. The pH of these solutions was always 
adjusted to 2.8 and after that FeSO4·7H2O was added. Finally, the hydrogen peroxide was added 
to the solution and UV light was switched on. The total photo-treatment time selected was 60 
minutes. 
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2.3. Analytical Methods 

TOC was analyzed with a Shimadzu TOC-VCSH apparatus. Cl- and NO3- ions were 
analyzed by Dionex DX120  ion chromatography equipped with a conductivity detector using an 
IonPac® AS19 anion-exchange column (4×250 mm) as the stationary phase. A gradient of KOH 
in water: 10 mM from 0 to 10 min and then increasing to 45 mM from 10 to 25 min was used as 
mobile phase. The flow rate was 1 mL·min-1 and the injection volume was 500 μL. The mobile 
phase was electrolitically generated by means of a EGC II KOH. For the determination of short 
acids (oxalic, acetic and formic acids) the same system was used but the gradient was changed: 
10 mM from 0 to 10 min and then increasing to 58 mM from 10 to 40 min. Ammonium was 
analyzed using an Orion 95-12 Ammonia Electrode and a Crison pH/mV meter with readability to 
0.1 mV. Separation and identification of first oxidation by-products were performed with an 
AcquityTM ultra performance LC (Waters), equipped with a mass spectrometer Quattro Premier -
Micromass- (Waters). The mobile phase was a mixture of (A) acetonitrile and (B) acetonitrile 
(10%), water and formic acid (0.1%). The composition of the phase changed according to the 
following gradient: 20% of A was kept during 4 minutes. From 4 to 5 minutes, B was steadily 
increased to attain the 95%. Finally the phase turned to the initial composition until the end of the 
run. The system was equipped with a UPLCTM BEH C18 capillary column (2.1 × 100 mm × 1.7 
μm). Mass spectra were obtained by electro-spray ionization (ESI) in negative mode. Cone 
voltage of 25 V in full scan mode and 23 V in the MRM mode were used. When samples 
concentration was required, OASIS HLB 6cc cartridges were used for solid phase extraction and 
ethanol was used as eluent. 3,4-dichloroaniline and 3,4-dichlorophenyl isocyanate were identified 
during photodegradation of both pesticides by means of GS-MS. These products were extracted 
from the treated solution by solid phase extraction (Maxi-Clean C18 600mg, Alltech). A mixture of 
dichloromethane and ethyl acetate (1/1, v/v) was used to elute the intermediate products. This 
solution was concentrated under nitrogen flow for the analysis of the by-products. The GC-MS 
was performed using a HP 6890 series GC equipped with a MS (HP 5973). The system was fitted 
with a HP-5MS capillary column (30 × 0.25 i.d. × 0.25 μm), splitless injection, and helium was 
used as carrier gas (1 mL· min-1). The GC oven temperature was programmed to initially hold at 
50 oC for 3 min, to increase from 50 oC to 275 oC at a rate of 5 oC·min-1 and to hold at 275 oC for 
15 min. The injector and interface temperature were kept at 250 oC. Mass spectra were obtained 
by electron-impact (EI) in negative mode at 70eV, using scan mode (30-800 m/z). Small polar 
compounds were analysed with a HPLC (HILIC) coupled with an Esquire 3000 (Bruker) mass 
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spectrometer, using a Agilent 1100 liquid chromatograph  equipped with a Nulcleosil diol column 
(7μm×15×0.4 cm). The injection volume was 5.00 μL and temperature was not controlled. The 
mobile phase consisted of (A) acetonitrile and (B) 20 mM aqueous ammonium formate, the pH of 
which was adjusted to 3.3 with formic acid. The composition of the phase changed following a 
gradient: 95% of A was kept during 3 minutes, then it changed from 95% to 50% of A in three 
more minutes, steady decrease to 20% of A up to minute 10. From 10 to 14 minutes the 
composition was kept stable at 20% A. Finally from 14 to 30 minutes the mobile phase was 
returned to initial conditions. Electro-spray (ESI) in positive mode was used for detection. The 
capillary voltage was optimized to 5000V using full scan mode (50-200 m/z). 

 

3. Results and Discussion 

3.1. Heteroatoms evolution 

Mineralization of Diuron and Linuron herbicides, using A, B and C photo-Fenton reactant 
dose, was followed by means of TOC measurements over 150 minutes (see Figure a1.1.2 for 
relative TOC abatement). The mineralization rate did not follow simple first or zero-order kinetics 
models and overall reaction rate constants could not be estimated. The complexity of the data is 
due to the fact that TOC is a parameter which is often the consequence of the parallel 
degradation of several compounds.  

The stoichiometry of the complete mineralization of Diuron and Linuron can be expressed 
with the following global equations:  

 C9H10Cl2N2O + 13O2 → 2HNO3 + 2HCl + 9CO2 + 3H2O (a1.1.3) 

 C9H10Cl2N2O2 + 12.5O2 → 2HNO3 + 2HCl + 9CO2 + 3H2O (a1.1.4) 
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Figure a1.1.2. Relative TOC evolution vs. irradiation time with A (●), B (▲) and C (♦) reagent doses for Diuron and 

Linuron herbicides. A: 9.25 mg·L-1 Fe(II), 97.1 mg·L-1 H2O2; B: 13.3 mg·L-1 Fe(II), 143 mg·L-1 H2O2 and C: 15.9 mg·L-1 
Fe(II), 202 mg·L-1 H2O2. pH=2.8, T=25 oC. 

It is well known that chlorinated compounds are generally not biodegradable [13], 
consequently it is important to access the ratio of mineralization of chlorine during irradiation. For 
that reason, the formation of chloride ion was investigated. Figure a1.1.3 shows chloride evolution 
when the three selected doses were used. Chloride evolves very quickly suggesting an early 
degradation/dechlorination stage, as described before [12]. From Figure a1.1.3 it is seen that 
chlorine was completely removed from the aromatic ring before 60 minutes in the effluents 
treated with dose B and C. In both experiments the total amount of Cl- produced at the end of the 
reaction was approximately 32.3 mg·L-1 (100% of the Diuron and Linuron chlorine content). On 
the other hand, 7.8% of chlorine remained linked to the aromatic ring after 60 minutes when dose 
A was used to treat the polluted effluent. This means that a chlorinated intermediate is present in 
the residual TOC at the end of the chemical treatment with reagent dose A.  
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Figure a1.1.3. Chloride concentration vs. irradiation time with A, B and C reagent doses for diuron and Linuron 
herbicides. A: 9.25 mg·L-1 Fe(II), 97.1 mg·L-1 H2O2; B: 13.3 mg·L-1 Fe(II), 143 mg·L-1 H2O2 and C: 15.9 mg·L-1 Fe(II), 

202 mg·L-1 H2O2. pH=2.8, T=25 oC 

 

Nitrogen release was monitored by the combination of free ammonia and nitrate. 
Although the reactions shown above have been written taking into account the most oxidized 
state, ammonia could be formed and then oxidized to nitrate at long irradiation times. Both, 
ammonia and nitrate have been detected at different relative concentrations depending on the 
dose used in the pre-treatment. By observing Figure a1.1.4, it can be concluded that the amount 
of nitrate and ammonia formed in the oxidation process is directly proportional to the 
concentration of oxidant used.  
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Figure a1.1.4. Nitrate (⎯), ammonium (--) and total nitrogen recovered (···) evolution vs. irradiation time during the 

photo-degradation of Diuron and Linuron with A (●), B (▲) and C (♦) reagent doses. A: 9.25 mg·L-1 Fe(II), 97.1 

mg·L-1 H2O2; B: 13.3 mg·L-1 Fe(II), 143 mg·L-1 H2O2 and C: 15.9 mg·L-1 Fe(II), 202 mg·L-1 H2O2. pH=2.8, T=25 oC. 

 

 When dose C was selected (the highest oxidant concentration used in the present study), 
only 18% of total nitrogen present in the initial molecules was recovered. Incomplete nitrogen 
mass balance indicates that other nitrogen containing compounds must be present in the solution 
during the process. At this point it was necessary to find an analytical technique able to determine 
this type of compounds dissolved in complex matrixes 

 

3.2. Short organic acids evolution 

The evolution of acetic, formic and oxalic acids concentration along 350 minutes of 
photo-Fenton oxidation reaction was investigated. As seen in Figure a1.1.5, the concentration of 
acetic acid increases to reach a maximum after approximately 50 minutes when dose A was used 
to oxidized Diuron and Linuron. After 60 minutes of irradiation, the time used to perform biological 
coupling, acetic acid concentration was 4.88 mg·L-1.  On the other hand, when doses B and C 
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were applied in the photo-Fenton process, less than 1.2 mg·L-1 were found before the biological 
coupling. 
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Figure a1.1.5. Acetic acid (⎯), Oxalic acid (--) and formic acid (···) evolution vs. irradiation time during the photo-

degradation of Diuron and Linuron with A (●), B (▲) and C (♦) reagent doses. A: 9.25 mg·L-1 Fe(II), 97.1 mg·L-1 

H2O2; B: 13.3 mg·L-1 Fe(II), 143 mg·L-1 H2O2 and C: 15.9 mg·L-1 Fe(II), 202 mg·L-1 H2O2.  pH=2.8, T=25 oC. 

 

The monitoring of oxalic acid evolution over 350 minutes showed that its production was 
higher for doses B and C (61.5 and 65.5 mg·L-1, respectively) than for dose A (44.6 mg·L-1). 
Maxima in the evolution curves were achieved at the moment selected for the coupling with the 
biological system. Both, acetic and oxalic acid were produced after ring opening, as described 
before [14]. Soft oxidant conditions favour the production of acetic acid, while an increase in 
OH· concentration produces a higher concentration of oxalic acid, which is the product of the 
oxidation of acetic acid. 

Formic acid can be generated from the direct oxidation of methyl groups or from oxalic or 
acetic acid oxidation [15]. At 60 minutes, the formic acid concentration of effluents treated with 
doses B and C was approximately 25 mg·L-1, while the concentration for effluent treated with 
dose A was 22.5 mg·L-1. High concentration of formic acid remained in solution after 350 minutes 
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when the polluted effluent was treated with photo-Fenton dose A (i.e., 27 mg·L-1), thus suggesting 
that formic acid is more resistant to degradation than acetic or oxalic acid. On the other hand, 
when the effluent was treated with doses B or C, due to the higher OH· concentration used, 
formic acid concentration decrease to 13.8 and 11.2 mg·L-1, respectively.  

Short acids percentages at the end of photo-Fenton process are represented in Figure 
a1.1.6. The 100% value corresponds to the residual TOC present in solution after 60 min of photo 
treatment and the value of carbon content in the form of short acids is calculated according to this 
percentage. The figure also shows the existence of non identified organic matter (NIOM) for the 
three treated effluents. In order to understand differences between biodegradability at the end of 
the chemical process UPLC/MS (RP), GS/MS and HPLC(HILIC)/MS were used in an attempt to 
characterize the NIOM. 
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Figure a1.1.6. Relative abundance of different acids and non identified organic matter (NIOM) after 60 minutes of 
irradiation of Diuron and Linuron with A, B and C reagent doses. A: 9.25 mg·L-1 Fe(II), 97.1 mg·L-1 H2O2; B: 13.3 

mg·L-1 Fe(II), 143 mg·L-1 H2O2 and C: 15.9 mg·L-1 Fe(II), 202 mg·L-1 H2O2. pH=2.8, T=25 oC. 
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According to the results on the chloride, nitrogen, and short acid release, it could be infer 
that  a part of the identified organic compounds present after 60 min contain chlorine in the case 
A and nitrogen for the three cases A, B and C.  

 

3.3. Identification of first by-products formed and degradation mechanism  

The photoproducts formed in the first steps of the oxidation process of Diuron and 
Linuron herbicides when A, B and C photo-Fenton reagent doses were used were investigated by 
means of UPLC(RP)-MS (See Figure a1.1.7 for UPLC chromatogram).  
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Figure a1.1.7. UPLC chromatogram in scan mode obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose A (9.25 mg·L-1 Fe(II), 97.1 mg·L-1 H2O2). 

 

The short column employed in the UPLC technique enabled the identification of unstable 
products. Ten products were identified by the molecular ions and mass fragment ions detected at 
the MS. The structures of the by-products as well as the main fragmentations are summarized in 
Table a1.1.1. In addition, initial compounds (Linuron, Diuron) were also found in the 
chromatogram (i.e., compound 6 and 10).  
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Due to the characteristic isotopic distribution of the presence of chloride atoms in a molecule (Cl35 

and Cl37), it can be confirmed the presence of two chloride atoms in all the structures determined 
(i.e., three peaks with isotopic abundance 100%, 66% and 10.6%). Moreover, no recombination 
between by-products formed has been observed.  

Table a1.1.1. Main fragments arising from MS analysis of Diuron and Linuron degradation samples 

Compound 
Retention 
time(min) 

Molecular 
weight 
(m/z) 

Molecular ion 
and fragmentations 

Photoproduct 

1 1.50 220 219 (100), 176(22) 

 

    
2 1.71 250 249(5), 203(100), 160(5) 

 

 
3 1.88 248 247(7), 217(100), 160(68) 

 
4 2.09 264 263(8),217(100), 160(23) 

 
5 2.22 248 247(25), 202(100) 
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6 (Diuron) 2.31 232 231 

 
7, 8 2.47, 2.55 264 263(20),202(100) 

9 2.70 246 245(100),217(30), 188(52),160(28) 

 
10 (Linuron) 2.83 248 247 

 

 

By interpreting the mass spectra, compound 3: N'-(3,4-dichlorophenyl)-N-
(hydroxymethyl)-N-methyl-urea, and compound 4: N'-(3,4-dichlorophenyl)-N-(dihydroxymethyl)-N-
methyl-urea, were identified as the products formed by the first and second attack of OH· to the 
methyl group of Diuron, respectively.  Compound 2: N-(3,4-dichlorophenyl)-N'-(dihydroxymethyl)-
urea was identified as the product formed by the attack of OH· to the second methyl group of 
Diuron once the first methyl group had been eliminated. This demethylation process has been 
proposed previously and occurs through the formation of hydroxylated or carboxylated 
compounds as follows [14]: 

 R-CH3 → R-CH2OH and/or R-CHO and/or R-COOH→ R-H (a1.1.5) 

Compound 9: N'-(3,4-dichlorophenyl)-N-formyl-N-methyl- urea was identified as the 
oxidation product of compound 4. Compound 5: N'-(3,4-dichlorophenyl)-N-formoxy-urea, was the 
result of oxidation of Linuron with the elimination of a methyl group.  
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Compound 7 and 8, that show the same spectra, were identified as the products of the 
oxidation of compound 5 (see Figure a1.1.8 for mass spectrum of compounds 5, 7 and 8). No 
explanation has been found to explain the difference in retention time. The fragment at m/z =202 
obtained in MS spectra of compounds 5, 7 and 8 can be explained assuming the formation of a 
radical anion during the fragmentation process in the electro-spray. In compounds 5, 7 and 8 NH-
O-COOH and NH-O-CHO bond were present at the end of the molecule. It can be supposed that 
in the fragmentation process, the hydrogen atom bonded to the nitrogen atom can be transferred 
producing the lost of H2O and CO2 on the one hand, and H2O and CO on the other. In those 
cases Katsumata et al. [16] and Tahmasseb et al. [20] suggest the first attack of OH· radical in 
the methoxy group of Linuron. Then, OH· attacks the methyl group after eliminate the methoxy 
group of parent compound. This assumption is contrary to our results. 
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Figure a1.1.8. LC-ESI-MS spectrum of compounds 5, 7 and 8 (Table a1.1.1). 

 

Finally, compound 1 appears to be the product of hydroxyl addition to the benzene ring of 
the target compounds, once the methyl or hydroxymethyl groups had been eliminated.  
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All the results, except those for compound 5, 7 and 8, are consistent with previous 
publications where the presence of two main sites of initial attack by OH· radical in these kinds of 
compounds was suggested: the aromatic ring and the methyl group [12, 14, 16].  

Two different compounds were found in short reaction time experiment. A GC-MS 
analysis was carried out after 15 minutes of photo-Fenton process using reagent dose A. 3,4-
dichloroaniline and 3,4-dichlorophenyl isocyanate were identified by the mass of the molecule 
and fragment ions and also, through comparison with Wiley library data with similarities up to 
86%. Katsumata et al [16] observed 3,4-dichlorophenyl isocyanate in the degradation pathway of 
Linuron. Moreover, 3,4-dichloroaniline and 3,4-dichlorophenyl isocyanate were also proposed as 
the main degradation intermediates by Salvestrini et al. [17] in Diuron kinetic studies. These two 
compounds were no longer detected after 60 minutes of irradiation time for dose A.  

Multi residual monitoring (MRM) without concentrating the samples was used to detect 
the evolution of the first by-products formed during photo-Fenton reaction. Figure a1.1.9 shows 
the relative evolution of by-products when dose A was used in the oxidation process.  
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Figure a1.1.9. Relative first by-products evolution during photo-Fenton degradation of Diuron and Linuron herbicides 
with dose A(9.25 mg·L-1 Fe(II), 97.1 mg·L-1 H2O2). pH=2.8, T=25 oC. 
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The kinetic behaviour of the detected by-products clearly confirms that these aromatic 
compounds undergo further transformation since the concentration at 60 minutes was negligible. 
Moreover, from Figure a1.1.9 it appears that the oxidation and decarboxilation processes that 
eliminate alkyl groups seem more favoured than the attack to the aromatic ring by OH· radicals. 
Samples at 60 minutes of irradiation time were concentrated by means of solid phase extraction 
on C18 cartridges and some traces of compounds 1 to 10 were found. Traces of the intermediates 
resist the OH· attack as expected at the end of a mineralization process. Similar results were 
obtained when effluent treated with doses B and C were investigated. In addition to these thirteen 
compounds, other degradation products could exist in the photo-Fenton system. Nevertheless, 
they were not detected because of the high polarity of the eluent employed and the low 
concentrations used.  

 

3.4. Relation between the end by-products formed and biodegradability  

The differences between the organic matter present at the end of the three photo-treated 
effluents were investigated.  Smaller and increasingly polar compounds are supposed to be 
generated along the oxidation process. As described in the introduction, HPLC(HILIC)/MS is the 
analytical technique that can correctly analyze those small polar compounds.  

Differences were found when solutions treated with doses A, B and C were analyzed by 
means of HPLC(HILIC)/MS. Higher concentrations of methylurea, and 1,1-dimethylurea were 
identified in the solution treated with dose A. The isotopic distribution of methylurea peak as well 
as molecular mass and retention time coincided with that of an authentic standard. On the other 
hand, a N,N´-dimethylurea standard was used to determined the second product detected. 
Isotopic distribution as well as molecular mass coincided with the standard but retention time was 
different. Therefore we can consider that the methylurea formed in the degradation of parent 
compounds was the 1,1-dimethylurea. This assumption is in accordance with the logical order in 
the degradation pathway. 

The percentages of these two final products generated in the oxidation process were 
analyzed. 100% was arbitrary assigned to the product found in photo-treated solution A, then, 
based on this the relative amounts in samples B and C were calculated. Methylurea present in 
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solution B and C reach 43% and 21% respectively. On the other hand 1,1-dimethylurea was not 
present in phototreated solution C, while only 5% was founded in solution B. Although urea 
should be present at the end of the oxidation process [18] the comparison of both, the photo-
treated solutions with an standard solution of urea indicates its absence.  

  Biodegradability between 27.3-53.1% has been determined for dimethylurea after 14 
days of aerobic domestic sludge treatment [19]. This means that when this product is generated 
in the chemical step, a higher hydraulic retention time (HRT) in the sequencing batch reactor 
would be needed to completely eliminate organic matter from solution. In such a case, economic 
considerations should be necessary in order to give priority to stronger chemical pre-treatment or 
a longer secondary biological process.  

It should be mentioned that the presence of other by-products as methylaniline or short 
chlorinated compounds can not be rejected but their presence is difficult to determine with the 
analytical methods used in this work. In fact no total chloride was recovered in photo-treatment of 
Diuron and Linuron solution with dose A as explain above. Further experiments are required in 
order to completely close nitrogen and carbon balances in this oxidation process. Based on the 
intermediate products found in this work and the results obtained by other researchers [12, 16, 
20], an improved possible degradation pathway for Diuron and Linuron is proposed in Schemes 
a1.1.1 and a1.1.2, respectively.  

 



Scheme a1.1.1. Degradation pathways of Diuron by OH·. (A) by-products identified in this work,(B) by-products identified by Malato et al [12] and (C) by-products identified by Tahmasseb et al [20].  
* radical attack to benzene ring. 

                                            
                                  
 

                                                            
                                                         
 

                                                                                    
                                                                                                         
                                                                                             

                                                                                               
 

     * = , ,   ,   ,   ,   ,        

Cl

Cl

H
N N

O

H 
CH2

OH 

Cl

Cl

H
N N

O

CH

CH3

OH

OH
Cl

Cl 

H 
N N

O 
C
H2

CH 3 
OH

Cl

Cl

H
N N

O

C
H

CH3

O 

Cl 
Cl

H
N N

O

C

CH3

OH

O

Cl

Cl

H
N N

O

H

CH 3

Cl

Cl

H
N N

O

H

CH
OHHO

Cl

Cl

H
N N

O

H

C
HO

Cl 
Cl

H
N N

O

H

C
OHO

Cl

Cl

H
N N

O

H

H

Cl

Cl

N

C

O

Cl 
Cl

NH2

C

O

OH

CH3

C

O

OH

C

O

OH

HC

O

OH

H 2 N N 

O 
CH 3 

CH 3 
H2N N

O

H

CH3 H 2 N NH2

O

Cl 
Cl

Cl

Cl 

OH 

Cl 
OH

Cl

OH

OH

Cl

OH

OH

OH

OH

OH

OH

OH 

OH 

* 

CO2 + Cl- + NH4
+ + NO3

-

AA,B A,B,C B B,C

AAA,B

A,B A,B A,B

A A

B B B B BA,B

Cl 
Cl 

H
N N

O

CH 3 

CH3



Scheme a1.1.2. Degradation pathways of Linuron by OH·.( A) by-products identified in this work, (C) by-products identified by Tahmasseb et al [20] and (D) by-products identified by Katsumata et al [16]. 
 * radical attack to benzene ring. 
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4. Conclusions 

The degradation of Diuron and Linuron herbicides has been carried out by means of a 
chemical (photo-Fenton) and a biological coupled system. Three combinations of reactant dose 
have been used in the chemical step. Different degrees of elimination of total organic matter have 
been achieved in the secondary biological treatment depending on the by-products generated in 
the chemical stage. Formic, oxalic and acetic acids appear at different concentration during the 
photo-Fenton experiments. The presence of acetic acid has been found to be higher under soft 
oxidant conditions while an increase in OH· concentration produces a higher concentration of 
oxalic acid. 3,4-dichloroaniline and 3,4-dichlorophenyl isocyanate have been found as 
intermediates in the oxidation processes among other hydroxilated by-products. 

The presence of methylurea and 1,1-dimethylurea as well as some non identified 
chlorinated compound seem to be the cause of the different biodegradability of the photo-treated 
effluents.  
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Abstract 

Nowadays, every chemical treatment must be developed taking into account its global impact on 
the environment. With this objective a life cycle assessment (LCA) has been used as a tool for 
the evaluation of the environmental impact of three environmentally friendly processes for the 
removal of Diuron and Linuron herbicides from water:  artificial light assisted photo-Fenton, photo-
Fenton coupled to biological treatment and solar assisted photo-Fenton. The inventoried data has 
been classified considering the potential environmental impacts categories included in the CML 2 
baseline 2000 method. Among the three scenarios considered, photo-Fenton coupled to 
biological treatment proved to have the lowest environmental impact in all the studied categories 
due to the lower hydrogen peroxide and electricity consumptions. The environmental impacts 
associated to hydrogen peroxide and electricity production imply more than 72% in all the impact 
categories of the three scenarios, except for aquatic eutrophication potential category, in which 
main impacts are related to nitrogen emissions. 

 

Keywords: Advanced oxidation process, photo-Fenton, biological treatment, coupling, 
environmental impact. 
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1. Introduction  

Nowadays, wastewaters polluted with pesticides are an important problem for human 
health. A part from lixiviates coming from agricultural fields, washing of herbicide containers and 
unused treatment solutions also contribute to this problem producing highly polluted effluents that 
should be treated before their disposal in the environment [1].  The World Health Organization 
estimates that around 20.000 deaths are produced by agrochemical poisons every year and the 
99% of them take place in developing countries. In those situations, wastewater treatment is 
indispensable.  

Due to their biorecalcitrant and toxic properties wastewaters polluted with pesticides can 
not be directly treated in a conventional wastewater treatment plant based on the activity of a 
microbiological consortium. Thus, the development of new technologies that pursue the easy 
degradation of such substances is of practical interest.  

Advanced oxidation processes (AOPs) are new technologies based on the in situ 
production of the highly reactive hydroxyl radical (HO·) (Eo= 2.8 vs SHE) that oxidizes organic 
matter to CO2 under mild experimental conditions. Among the most studied AOPs like ozonation 
[2] or heterogeneous photocatalysis with TiO2 [3], photo-Fenton is frequently preferred because it 
achieves high reaction yields with low treatment costs, mainly due to the possibility of a more 
efficient use of solar light as photon source [4]. In the Fenton process hydroxyl radicals promoters 
are Fe(II) salts and hydrogen peroxide [5]. 

 Fe(II) + H2O2 → Fe(III) + OH- + HO·  (a1.2.1) 

Under irradiation of λ<410 nm, Fe(III) can be reduced to Fe(II) closing a loop mechanism where 

Fe species act as catalyst, giving rise to additional HO· [6](photo-Fenton process).  

 Fe(III) + H2O + hν → Fe(II) + HO· + H+ (a1.2.2) 
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Advanced oxidation processes (AOPs) coupled to a biological treatment by means of a 
Sequencing Batch Reactor (SBR) is of emerging interest in this experimental and applied 
scientific field [7, 8, 9, 10]. After a chemical pretreatment, initial toxic and/or non biodegradable 
compounds can be assimilated by biomass in a SBR obtaining a free of pollution effluent.  

 In the last decades, environmental awareness has increased in such a way that, apart 
from technical and financial aspects, environmental considerations play an increasingly important 
role in the selection of water treatment technologies [11].  

The removal of Diuron and Linuron herbicides from water has been previously studied by 
our group [10]. These herbicides have been selected as a model of toxic and non biodegradable 
organic matter. Both phenylurea compounds act as inhibitors of photosynthesis, thus impeding 
weed growth and are used for selective control of germinating grass and broad-leaved weeds in 
many crops (e.g. cereals) [12]. 

The assessment, from an environmental point of view, of the different AOP combinations 
tested in the removal of Diuron and Linuroin is of practical interest. Life cycle assessment (LCA) 
has been chosen for this purpose. LCA is a systematic way to evaluate the environment impact of 
products or processes by following a cradle-to-grave approach according to ISO 14.040 standard 
methodology [13]. Using this tool three wastewater technologies will be analyzed in order to prove 
which of them is the most environmentally compatible. The three wastewater treatment 
technologies selected for this work are; (i) artificial light assisted photo-Fenton, (ii) artificial light 
assisted photo-Fenton coupled to a biological treatment and finally (iii) solar assisted photo-
Fenton. 

The literature on environmental performance of AOPs is limited [14-17]. As a 
consequence, it is important to perform an LCA of those different environmentally friendly 
wastewater treatments in order to prove their environmental compatibility. 
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2.Materials and methods 

2.1.Preparation of initial wastewater 

Diuron (98.5% Aragonesas Agro S.A. technical grade) and Linuron (92.6% Makhteshim 
Agan España, S.A.) were used as target compounds in the experiments. A unique solution of 42 
mg·L-1 of Diuron and 75 mg·L-1 of Linuron was prepared in Mili-Q quality water. Those values 
correspond to the maximum solubility of both herbicides in water at 25 oC. A saturated initial 
solution was prepared and then filtrated by means of a 20 μm Nylon filter. The initial features of 

the filtered solution were as follow: pH=5.7, TOC=50±2 mg·L-1, COD=139±7 mg·L-1, BOD5=≤5 

mg·L-1, BOD5/COD≤0.033. This initial solution was transparent and colorless. The solution was 

biorecalcitrant as seen by the Zahn-Wellens test [18]. Adsorption of TOC on the biomass was not 
observed after the 28 days of the test duration. 

 

2.2. Photo-Fenton oxidation process 

FeSO4·7H2O (Merck) and H2O2 (Panreac, 33% w/v) were used as photo-Fenton reagents. 
Oxidation experiments were conducted at 25±0.2 oC in a 0.25 L cylindrical Pyrex thermostatic cell 
equipped with a magnetic stirrer. A 6W Phillips black light was used as light source, providing a 
light intensity of 0.21 mW·cm-2. The illuminated reactor surface was 49.3 cm2. 

The experimental procedure was as follows: in each experiment the photo-reactor was 
charged with 0.250 L of solution to be photo-treated. The pH of the solution was always adjusted 
to 2.8 and the required amount of solid FeSO4·7H2O was added. Finally, the hydrogen peroxide 
was added to the solution and UV light was immediately switched on. Reagent dosage was 
different depending on the studied scenario. 

  

2.3. Biological treatment 

A sludge sample taken from the aerobic stage of an urban wastewater treatment plant in 
Manresa (Spain),with an initial volatile suspended solids (VSS) content around 5 g·L-1 , was used 
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as inoculum in the SBR. A dilution was carried out to obtain a final VSS value of 0.6 g·L-1. The 
daily operation procedure was explained elsewhere [10]. The operating volume was 1.250 L and 
the hydraulic retention time (HRT) was two days. The biological experiment was carried out 
during 12 cycles (24 days) in order to obtain repetitive results (i.e. variation coefficients of TOC 
removal lower than 4%). Temperature remained stable at 20 oC (room temperature). pH and 
dissolved oxygen (DO) were controlled daily. pH was adjusted to 7 and DO was kept above 3 
mg·L-1. Moreover, daily analysis of VSS and TOC were carried out. 

 

2.4. Analytical Methods 

TOC was analyzed with a Shimadzu TOC-VCSH analyzer. COD was determined with a 
close reflux method [19], using 0-150 mg·L-1 range Aqualytic® vials. A HACH COD reactor and a 
HACH DR/2000 spectophotometer were used in the COD analyses. The accuracy of the COD 
measurements was checked by preparing a potassium hydrogen phthalate standard. Correction 
of hydrogen peroxide interference on the COD test was required [20]. The H2O2 was analyzed by 
a modified iodometric method [21] explained elsewhere [10]. At the end of the oxidation process, 
biochemical oxygen demand (BOD5) was determined by means of a mercury-free WTW 2000 
Oxytop thermostated at 20 oC. In those analysis, the measurement accuracy was checked with a 
standard mixture of 150 mg·L-1 glucose and 150 mg·L-1 glutamic acid. Ammonium ion 
concentration was determined by the Nessler colorimetric assay [19] using a Helios Gamma UV-
Visible spectrometer from Thermo Electron Corporation. Nitrate ion concentration was analyzed 
by means of ionic chromatography. The IC system included a LC-10AT VP pump (Shimatzu) and 
a 656-Conductimetric Detector Metrohm. A 10% in volume acetone solution containing 5 mM 
phtalic acid (pH=5) was used as mobile phase, finally a PRP-100 from Hamilton was used as 
stationary phase. Gravimetrical determination of total suspended solids (TSS) and VSS was 
carried out according to Standard Methods [19]. 
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3. Life Cycle Assessment Methodology 

For the application of the LCA tool, the ISO 14040 Standard was used [13]. The study 
was undertaken in four main phases, namely: (1) Goal and scope, in which the purpose, scope, 
main hypothesis and type and quality of data are defined; (2) Inventory analysis, in which data 
are collected in order to quantify the inputs and the outputs of the system; (3) Impact assessment, 
in which the potential environmental impacts produced by the system under study are identified 
and characterized, and (4) Interpretation, in which the obtained results are discussed in terms of 
critical sources of impact in the whole process and the ways or opportunities to reduce these 
impacts.  

 

3.1. Goal and scope 

The environmental impact assessment was focused on the following small-scale 
wastewater treatment for the removal of Diuron and Linuron herbicides from water: artificial light 
assisted photo-Fenton process (scenario 1), artificial light assisted photo-Fenton process coupled 
to a biological treatment (scenario 2) and solar assisted photo-Fenton process (scenario 3). 

This LCA study was intended to gain insight on the environmental impact of these three 
processes and to compare them from an environmental point of view. 

In order to compare the three scenarios a functional unit was selected. The functional unit 
enables different systems to be treated as functionally equivalent and allows reference flows to 
be determined for each of them [22]. The functional unit was defined as “The removal of more 
than 80% TOC from a 1.25 L of Diuron and Linuron saturated effluent (TOC= 50 mg·L-1)”. The 
different scenarios are described as follows: 
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3.1.1. Scenario 1 

Complete mineralization was achieved in a unique chemical step (i.e. photo-Fenton 
process). 15.9 mg·L-1 of FeSO4·7H2O and 415.2 mg·L-1 were required to reach the selected 
percentage on TOC removal (i.e. 83%). The UVA irradiation time needed was 8.5 hours.  

 

Scenario 2 

15.9 mg·L-1 of FeSO4·7H2O and 202 mg·L-1 of H2O2 were used in the chemical step. The 
photo-treatment time selected was 60 minutes. After this time, 36% of TOC removal was acquired 
and the photo-treated solution reached BOD5/COD ratio close to 0.4. It is well-known that the 
wastewater BOD5/COD ratio must reach the 0.4 value to consider it completely biodegradable 
[23]. At this point the solution was used to feed a biological sequencing batch reactor (SBR). 
Complete TOC elimination was achieved at the end of the biological treatment (i.e. 100% TOC 
removal). The remaining TOC concentration at the end of the biological treatment (i.e. 8.125 
mg·L-1) matched the concentration of the residual TOC due to the biomass metabolism [10]. 

 

Scenario 3 

Since the main disadvantage of Advanced Oxidation Processes is the high electricity 
consumption, and taking into account that photo-Fenton process can work under natural solar 
light, a third scenario, using the same scenario 1 conditions but replacing the black light by 
sunlight, was also studied. Figure a1.2.1 shows the flow diagram of the system and boundaries 
considered in scenario 1. When scenario 3 is considered, production of electricity must be 
eliminated from scenario 1 flow diagram. Figure a1.2.2 shows the flow diagram of the system and 
boundaries considered in scenario 2. 
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Figure a1.2.1. Simplified flow diagram and system boundaries for scenarios 1 and 3. When scenario 3 is considered 
electricity production must be eliminated from the diagram. 

 

 

 

 

 

 

 

Figure a1.2.2. Simplified flow diagram and system boundaries for scenario 2. 

 

3.2. Inventory analysis 

The processes included in the inventory of the different studied treatments for the 
removal of Diuron and Linuron herbicides from water are: (i) production of consumed electricity, 
including extractions of resources, transport and electricity production, (ii) production of chemicals, 
including extraction of resources, production and transport, and (iii) air and water emissions 
generated through the considered scenarios. The construction and the end-of-life of the 
infrastructure needed in each case have not been considered. Table a1.2.1 summarizes the 
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sources and quality of the data used to perform the inventory analysis. This data was obtained 
from the Ecoinvent version 1.2 database [24].  

Table a1.2.1. Data used in the Life Cycle Assessment inventory phase. 

Topic Reference 

Iron sulphate, at plant/RER S 35 
Hydrogen peroxide, 50% in H2O, at plant/RER S 36 
Acrylonitrile, at plant/RER S 37 
Lime, hydrated, packed, at plant/CH S 38 
Heat diesel B250 34 
Transport, lorry 16t/RER S 39 
Electricity, medium voltage, production UCTE, at gird/UCTE S 40 

 

The main hypothesis and limitations assumed in the present work are published 
elsewhere [17] and can be summarized as follows:  

-For the photo-Fenton process the energy used to run the UVA light has been assumed to be 
electricity delivered from the European grid. 100% efficiency has been considered in order to 
obtain operational conditions similar to those employed in a full-scale photochemical reactor. This 
assumption implies that all the photons emitted by the UVA lamp reach the solution. In fact, in the 
laboratory set-up used in this work a large fraction of photons were wasted. The light intensity 
coming from the black light is 0.21 mW·cm-2 and the reactor surface is 49.3 cm2. Thus, the 
calculated efficiency of the 6W lamp is 0.17%. 

-H2O2 and FeSO4 have been assumed to be produced in Spain and delivered from the supplier to 
the site by 16 ton-trucks over a 50 km distance. It has been assumed that residual H2O2 is totally 
decomposed after each photo-Fenton process.  

-Since iron emissions after the oxidation process are equivalent in the three considered scenarios, 
the removal of this residual has been excluded from this study. 
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-CO2 emissions have been estimated according to the TOC mineralized in the chemical oxidation 
process. Residual TOC, COD, ammonium and nitrate ions content have been considered for final 
effluent impact assessment. 

-The biological process has been modeled in the LCA assuming a conventional biological 
treatment process. A municipal WWTP with a 0.76 VSS/TSS ratio has been chosen as a model 
assuming an excess sludge production of 0.55 mg VSS per mg COD consumed [32]. External 
electricity consumption for mechanical aeration of 1.5 kg O2/ kWh [33] has been considered. The 
oxygen required for organic matter oxidation has been determined from the removed COD in the 
SBR (i.e. 28.75 mg·L-1) minus the COD fraction assimilated by the biomass (i.e. 24.04 mg·L-1) 
quantified as 1.52 mg O2 per mg VSS of sludge production, since sludge composition considered 
is C8H15O4N [34]. On the other hand, oxygen required for nitrification of ammonium has been also 
considered. The oxygen required for nitrification has been determined from the removed NH4+ in 
the SBR (i.e. 10.36 mg·L-1) minus the NH4+ fraction assimilated by the biomass (i.e. 1.25 mg·L-1), 
quantified as 0.074 mg NH4+ per mg VSS of sludge production, according to the sludge 
composition above defined.   

-The CO2 emissions at the end of the biological treatment have been determined by considering 
the COD eliminated in the SBR after the subtraction of the COD required for biomass grown. 
Residual TOC, COD, ammonium and nitrate ions content has been considered for final effluent 
impact assessment. Nitrate concentration has been estimated by considering that all the 
disappeared NH4+, minus the N fraction assimilated by the biomass for cells growth, was 
completely oxidized to NO3- through aerobic biodegradation. 

-A subsequent sludge treatment system composed of several independent unit processes has 
been considered [35]: thickening, dewatering and stabilization process. By means of this 
treatment, a dewatered sludge with 31% final dry matter content (DM) is obtained. 50 kWh of 
electricity and 4 kg of polymers per ton of DM of sludge have been considered to be consumed at 
the thickening stage and, while 40 kWh and 5kg of polymer per ton of DM of sludge have been 
considered for the dewatering stage. On the other hand, 200kg of lime per ton of DM of sludge 
are needed for stabilization while 5kWh of electricity are consumed for pumping and mixing [35].  

-It has been assumed that solid residues from excess sludge management are finally deposited in 
a landfill (i.e. 8.114×10-8 t). The main environmental emissions from the landfill (leachate and 
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landfill gas) have been calculated according to the ORWARE (Organic Waste Research) model 
[36, 37]. By means of this model, the air/water/land distribution of different elements deposited in 
a landfill can be obtained, considering a period of 100 years for biochemical stabilization after 
anaerobic sludge digestion. An input to the model is the amount of fresh sludge (without the lime 
and polyelectrolyte) (i.e. 7.679×10-8 t). This sludge is 27% in DM and the sludge chemical 
composition is C8H15O4N, which is transformed according the following process [37]: 

 2 C8H15O4N → 9 CH4 + 7 CO2 + 2 NH3 (a1.2.3) 

-The model considers that the leachate generated at the landfill is treated biologically and that the 
recovered biogas (99% both CO2 and CH4 [38]) is totally burned in a torch. 50% capture 
efficiency for biogas [39] and 90% for leachate [40] have been assumed. The electricity 
consumption for biogas pumping is considered to be 0.013 kW·m-3as indirectly determined from 
the BUWAL 250 database [41], which gives 1.35 kWh per ton of residue that produces 200 m3 of 
biogas.  Fugitive biogas and leachate reach the atmosphere and aquatic media, respectively. The 
removal yields considered for the captured leachate treated in a subsequent biological reactor are 
90% for both COD and BOD7 [38] and 80% for N-NH4+ [39]. Atmosphere emissions and the 
management of the sludge generated during the leachate treatment have been excluded from the 
inventory. 

-With regard to the energy requirements, 1.8 L of diesel consumption per ton of fresh sludge 
(considering also the lime and the polymer, i.e. 8.114×10-8 t)) have been considered for 
machinery operation at landfill [29]. The energy consumption (electricity) for leachate treatment 
has been quantified as a function of the BOD7 and NH4+ eliminated, following the ORWARE 
methodology.  

-All reagents used in the biological treatment have been supposed to be produced in Spain and 
delivered by 16 ton-trucks. The assumed distance for transport of the lime and the polymer 
employed in the biological sludge disposal process was 50 km. The average distance for the 
sludge transport between the municipal WWTP and the landfill site has also been considered to 
be 50 km. Table a1.2.2 summarizes data concerning energy, chemical consumption and 
generated emissions per functional unit in each considered scenario.  
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Table a1.2.2. Inventoried data per functional unit corresponding to scenarios 1, 2 and 3.  

Inputs Scenario1 Scenario 2 Scenario 3 
Photo-Fenton treatment    

FeSO4 (mg) 54.09 54.09 54.09 
H2O2 (mg) 1038 505 1038 
FeSO4 transport (50km, 16 ton-truck)(tkm) 2.704×10-6 2.704×10-6 2.704×10-6 
H2O2 transport (50km, 16 ton-truck)(tkm) 5.189×10-5 2.525×10-5 5.189×10-5 
Energy required to run UVA light (kWh) 4.889×10-4 5.752×10-5 - 

Biological treatment    

energy required for mechanical aeration (kWh) - 2.474×10-5 - 

Biomass post-treatment    

sludge production (t) - 2.081×10-8 - 
lime (t) - 4.161×10-9 - 
acrylonitrile (t) - 1.873×10-11 - 
lime transport (50km, 16 ton-truck)(tkm) - 2.081×10-7 - 
polymer transport (50km, 16 ton-truck)(tkm) - 9.363×10-9 - 
energy required for thickening, dewatering and stabilization process 
(kWh) - 1.977×10-6 - 

Sludge disposal    

sludge transport to landfill (tkm) - 4.057×10-6 - 
diesel  for machinery operation at landfill (kg) - 1.227×10-7 - 
energy required at landfill for biogas pumping and treatment of 
leacheated (kWh) - 3.686×10-6 - 

Outputs Scenario 1 Scenario 2 Scenario 3 
Photo-Fenton treatment emissions    

emissions to air       
CO2 (mg) 191.4 82.5 191.4 

emissions to water    
NO3- (mg) 0.7563 - 0.7563 
NH4+(mg) 13.43 - 13.43 
COD (mg) 15 - 15 
TOC (mg) 10.32 - 10.32 

Biological treatment emissions    

emissions to air        
CO2 (mg) - 6.483 - 

emissions to water       
NO3- (mg) - 31.38 - 
NH4+(mg) - 3.066 - 
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COD (mg) - 12.50 - 
TOC (mg) - 8.125 - 

Sludge disposal emissions (ORWARE)    

emissions to air       
CH4 (mg) - 2.304 - 
CO2 (mg) - 21.15 - 
NH3(mg) - 6.144×10-3 - 
NOx(mg) - 7.679×10-2 - 

emissions to water       
COD (mg) - 4.608×10-2 - 
NH4+(mg) - 3.840×10-1 - 
NO3- (mg) - 1.613 - 

 

3.3. Impact assessment 

Following the inventory analysis, the impact assessment phase for the removal of Diuron 
and Linuron herbicides from water was carried out. The inventoried data (i.e. Table a1.2.2) was 
classified considering the following potential environmental impact categories included in the CML 
2 baseline 2000 2.03 method [22]: Abiotic resource depletion (ARD), that are natural resources 
(including energy resources) which are regarded as non-living; global warming potential (GWP), 
that refers to the impact of human emissions on the radiative forcing of the atmosphere; ozone 
depletion potential (ODP), that refers to the thinning of the stratospheric ozone layer as a result of 
anthropogenic emissions. Human toxicity potential (HTP), that covers the impacts on human 
health of toxic substances present in the environment; freshwater aquatic toxicity potential 
(FATP), marine aquatic ecotoxicity potential (MAEP) and terrestrial ecotoxicity potential (TEP) 
that refers to the impacts of toxic substances on freshwater aquatic ecosystem, marine aquatic 
ecosystem and terrestrial ecosystem respectively; photochemical oxidation potential (POP), that 
refers to the formation of photo-oxidants such as ozone by the action of sunlight on certain 
primary air pollutants; acidification potential (AP), that contains a wide variety of impacts on soil, 
groundwater, surface waters, biological organisms, ecosystems and materials due to acidifying 
pollutants as SO2, NOx and NHx; finally, aquatic eutrophication potential (AEP), that covers all 
potential impacts of excessively high environmental levels of macronutrients, the most important 
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of which are nitrogen and phosphorous. Table a1.2.3 shows the environmental profile, that is, the 
characterization scores obtained for each scenario and impact categories. 

Table a1.2.3. Environmental impact data characterization for scenarios 1, 2 and 3. 

Environmental impacts categories unit Scenario 1 Scenario 2 Scenario 3 

Abiotic Resource Depletion  kg Sb eq  1.15×10-5  5.12×10-6 9.78×10-6  
Global Warming Potential  kg CO2 eq 1.62×10-3 7.96×10-4 1.38×10-3 

Ozone Depletion Potential  kg CFC-11 eq 1.20×10-10 5.66×10-11 1.10×10-10 

Human Toxicity Potential kg 1,4-D* eq 3.86×10-3 1.87×10-3 3.81×10-3 

Freshwater Aquatic Toxicity Potential kg 1,4-D* eq 2.70×10-4 1.28×10-4 2.56×10-4 

Marine Aquatic Ecotoxicity Potential  kg 1,4-D* eq 6.22×10-1 2.58×10-1 4.66×10-1 

Terrestrial Ecotoxicity Potential kg 1,4-D* eq 9.25×10-6 4.20×10-6 8.17×10-6 

Photochemical Oxidation Potential  kg C2H4 eq 2.34×10-7 1.14×10-7 1.83×10-7 

Acidification Potential  kg SO2 eq 5.36×10-6 2.30×10-6 4.07×10-6 

Aquatic Eutrophication Potential kg PO43- eq 5.30×10-6  4.93×10-6  5.23×10-6  

 

 

 

 

 

 

 

 

 

Figure a1.2.3. General environmental impact data for scenarios 1, 2 and 3. 
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3.4. Interpretation 

From the environmental impact data summarized in Table a1.2.3 and graphically 
represented in Figure a1.2.3, it can be observed that the most environmentally friendly process 
for the treatment of wastewater polluted with Diuron and Linuron herbicides is the coupling of 
photo-Fenton and biological treatment (i.e. scenario 2). In Figure a1.2.3, the highest 
environmental impact (that always corresponds to scenario 1, i.e. artificial light assisted photo-
Fenton) is set to 100% for each category and the impacts associated to scenario 2 and 3 are 
calculated according to this percentage. 

These results show that the photo-Fenton and biological coupled treatment (i.e. scenario 
2) exhibit the lowest environmental impact scores in all the studied categories, being the scores in 
all categories less than half of those related to the artificial light assisted photo-Fenton (except for 
aquatic eutrophication potential). For the aquatic eutrophication potential category, similar results 
can be observed for all the scenarios. When Diuron and Linuron are oxidized by means of an 
AOP, the urea group is attacked by the hydroxyl radical and nitrogen is liberated to the media 
mainly in form of ammonia ion. Later, in the biological treatment, ammonia ion is converted to 
nitrate ion due to the bacteria nitrification process, both ammonia and nitrate contribute to this 
environmental impact category.  

With regard to solar assisted photo-Fenton a general reduction in all impact categories 
can be observed due to the elimination of electricity usage. 

Despite the low impact score associated to the coupled chemical and biological treatment, 
a relatively high coefficient related to the marine aquatic ecotoxicity impact can be observed (see 
Table a1.2.3). At this point, and for a better understanding of these results, a contribution analysis 
for each scenario has been performed.  

This individual analysis is aimed at identifying the critical subsystems for each treatment 
and impact category. For this purpose the characterization results are disaggregated so that the 
contribution of the chemical products, electricity, transport and emissions to air and water can be 
analyzed. Figures a1.2.4, a1.2.5 and a1.2.6 show (for scenario 1, 2 and 3 respectively) these 
relative contributions. Every impact indicator is expressed as 100%, being the contribution of a 
sub-system a fraction of the figure.  
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Figure a1.2.4. Relative contributions, due to the chemical products, electricity, transport and emissions to air and 
water, to different environmental impact categories for scenario 1. 

 

 

 

 

 

 

 

 

 

Figure a1.2.5. Relative contributions, due to the chemical products, electricity, transport and emissions to air and 
water, to different environmental impact categories for scenario 2. 
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Figure a1.2.6. Relative contributions, due to the chemical products, electricity, transport and emissions to air and 
water, to different environmental impact categories for scenario 3. 
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From Figures a1.2.4, a1.2.5 and a1.2.6, the same trends can be observed for all studied 
scenarios. The main environmental impact is associated, by far, to hydrogen peroxide production. 
This impact accountes for at least 72% of the contribution to all impacts categories in all 
treatments, except for aquatic eutrophication potential. When this category is studied, the highest 
score is related to emissions due to the nitrogen emitted during both single photo-Fenton (artificial 
light or solar assisted) and photo-Fenton and biological coupled treatment, as explained above. If 
the composition of the initial contaminant to be oxidized by means of an AOP contains nitrogen, 
the contribution to the aquatic eutrophication potential impact will be always present. Emissions 
are also important in the global warming potential category of all scenarios, mainly due to the CO2 
produced in the mineralization process. Moreover, when the chemical and biological coupled 
treatment (i.e. scenario 2) is studied, a 12% impact contribution in photochemical oxidation 
potential can be observed due to the pollutants emitted mainly at landfill. 

 The relatively high environmental impact score related to hydrogen peroxide, that in 
some cases is responsible of almost 100% of the contribution, can be explained by its production 
process. On the other hand, environmental impact associated to FeSO4 is negligible because this 
chemical is a by-product of the steel and iron manufactory and hence is charged with few 
environmental burdens [25]. The highest score associated to the production of this chemical is 
reflected in the marine aquatic ecotoxicity potential impact category when photo-Fenton and 
biological coupled treatment is studied (i.e. 3%). Other chemicals used in photo-Fenton and 
biological coupled treatment, named sludge treatment materials, imply less than 1% of the impact 
coefficients in all the studied categories. 

Another important contribution to environmental impact categories is electricity production 
when scenario 1 and 2 are studied. This noticeable impact is caused by the energy 
characteristics of the UCTE mix for electricity production, which relies in a considerable extent on 
fossil fuels. In scenario 1 all the electricity is used to run UVA light while in scenario 2 electricity is 
used for different processes. If the overall contribution of electricity is disaggregated in this 
scenario, it can be observed that the major contribution to all the environmental impacts is due to 
the electricity required to run UVA light (i.e. 66%), followed by the electricity required to sludge 
aeration (i.e. 28%), the electricity required at landfill (i.e. 4%), and finally the electricity required to 
thickening, dewatering and stabilization process (i.e. 2%). 
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Finally, the chemicals transport to the wastewater plant as well as the sludge transport to 
the landfill does not imply an important environmental impact. The highest contribution implies a 
3% of photochemical oxidation potential category when solar photo-Fenton treatment is studied.  

 

4. Conclusions  

A life cycle assessment for the removal of Diuron and Linuron herbicides from water 
using three environmentally friendly technologies has been performed. Artificial light assisted 
photo-Fenton, photo-Fenton and biological coupled treatment and solar assisted photo-Fenton 
have been selected as wastewater treatments for this study. The environmental analysis has 
been done classifying impacts due to different subsystems used in each scenario and in the 
categories used by the CML method [24]. 

The main environmental impact among the different categories is associated to hydrogen 
peroxide production for all studied scenarios, except for aquatic eutrophication potential category. 
The most important environmental impact for this category is attributed to nitrogen emitted during 
both the single photo-Fenton (artificial light or solar assisted) and photo-Fenton/biological coupled 
treatment. Electricity needed to run the UVA light is the second process with a highest impact 
contribution to all the categories when artificial light is used in the chemical treatment.  

Comparing the three technologies from an environmental point of view, it can be 
concluded that the artificial light assisted photo-Fenton is the less preferable process. This 
process is greatly improved when artificial light is substituted by solar light, eliminating all the 
environmental impacts related to electricity production.  

Finally it can be concluded that the most environmentally friendly process for the 
management of wastewaters polluted with Diuron and Linuron herbicides is the coupling of photo-
Fenton and biological treatments. In this treatment, environmental impact scores in all the 
categories are less than half of those related to the artificial light assisted photo-Fenton. 

As a final remark, from the obtained results, a great environmental improvement could be 
expected if solar assisted photo-Fenton coupled to a biological treatment would have been 
applied in Diuron and Linuron removal from water. 
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a2.1. Experimental design 

The following figures show the main effects and interaction effects of variables Fe2+ and H2O2 

optimized as well as scaled and unscaled coefficients obtained by means of multivariate 

experimental design. ANOVA results also are included in this annexe. See chapter 2, section 3 

for experimental details  
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Figure a2.1. Main effect of iron to the experimental design 
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Figure a2.2. Main effect of hydrogen peroxide to the experimental design 
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Figure a2.3. Main effect of interaction of iron with hydrogen peroxide to the experimental design 
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Figure a2.4. Main effect of interaction of hydrogen peroxide with iron to the experimental design 
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Coefficients 
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Figure a2.5. Centred and scaled coefficients to the experimental design 
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Figure a2.6. Centred and unscaled coefficients to the experimental design 
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ANOVA results 
 
Table a2.1. ANOVA results for the experimental design 

%TOC removal DF SS MS F p SD 
   (variance)    
Total 11 5234,95 475,904    
Constant 1 2808,64 2808,64    
       
Total Corrected 10 2426,3 242,63   15,5766 
Regression 4 2368,38 592,094 61,329 0 24,333 
Residual 6 57,9264 9,6544   3,10715 
       
Lack of Fit 4 55,4413 13,8603 11,1549 0,084 3,72295 
(Model Error)       
Pure Error 2 2,48506 1,24253   1,11469 
(Replicate 
Error)             
       
N = 11 Q2 = 0,905  Cond. no. =2,7386   
DF = 6 R2 =0,976  Y-miss =0    
  R2 Adj. =0,96 RSD =3,1072     
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a2.2. Chromatographs and MS spectra 
UPLC-MS 
The following figures show the chromatogram as well as spectra obtained by means of UPLC-MS. 
See chapter 2, section 5.1.6.2. for experimental details. 
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Figure a2.7. UPLC chromatogram corresponding to 15 minutes of an  
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1 
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Figure a2.8. ESI-MS spectrum of compound 1obtained at 25 V and corresponding to 15 minutes of an experiment of 
photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.9. LC-ESI-MS spectrum of compound 2 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.10. LC-ESI-MS spectrum of compound 3 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.11. LC-ESI-MS spectrum of compound 4 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.13. LC-ESI-MS spectrum of compound 5 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.14. LC-ESI-MS spectrum of compound 6 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.15. LC-ESI-MS spectrum of compound 7 and 8 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.16. LC-ESI-MS spectrum of compound 9 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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Figure a2.17. LC-ESI-MS spectrum of compound 10 obtained at 25 V and corresponding to 15 minutes of an 
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1. 
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HILIC-MS 
The following figures show the chromatograms as well as spectra obtained by means of HILIC-
MS. See chapter 2, section 5.1.6.3. for experimental details 
 

 
Figure a2.18. HILIC chromatogram in scan mode obtained at 5000 V and corresponding to 60 minutes of an  

experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1 

 
 

3.6 min

0 5 10 15 20 25 Time [min]
0

2

4

6

4x10
Intens.

 
Figure a2.19. Spectrum ion chromatograph of ion m/z= 75 corresponding to 60 minutes of an  
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1 
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Figure a2.20. Mass spectrum and isotopic distribution of ion m/z=75 
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Figure a2.21. Methyllurea theoretical mass spectrum and isotopic distribution  
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Figure a2.22. Spectrum ion chromatograph of ion m/z= 89 corresponding to 60 minutes of an  
experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1 
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Figure a2.23. Mass spectrum and isotopic distribution of ion m/z=89 
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Figure a2.24. N-N´dimethyllurea theoretical mass spectrum and isotopic distribution  
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Figure a2.25. HILIC chromatogram in scan mode obtained at 5000 V and corresponding to 60 minutes of an  

experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1 and N,N´dimethylurea. 
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Figure a2.26. Spectrum ion chromatograph of ion m/z= 89 corresponding to 60 minutes of an  

experiment of photo-Fenton with reactant dose [Fe(II)]=9.25 mg·L-1 and [H2O2]=97.1 mg·L-1 and N,N´dimethylurea. 
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Figure a2.27. Mass spectrum and isotopic distribution of ion m/z=89 at retention time 3.1 min. 
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Figure a2.28. Mass spectrum and isotopic distribution of ion m/z=89 at retention time 3.4 min. 
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GS-MS 
The following figures show the chromatogram as well as spectra obtained by means of GS-MS. 
See chapter 2, section 5.1.6.4. for experimental details. 
 
 
 

 
 

Figure a2.29. GS chromatogram in scan mode obtained at 70 eV and corresponding to 15 minutes of an  
Experiment of photo-Fenton with reactant dose [Fe(II)]=15.9 mg·L-1 and [H2O2]=202 mg·L-1 

 

 

 

 

 

 
Figure a2.30. Empirical and theoretical MS spectra of peak at 27.7 min corresponding to 3,4- dichloroaniline 
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Figure a2.31. Empirical and theoretical MS spectra of peak at 24.4 min corresponding to 3,4- dichlorophenyl 

isocianate 
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a2.3. Life Cycle Impact Assessment tables 
The following tables show the characterisation results for each alternative disaggregated by sub-
systems.  
 
 
Table a2.2. Characterisation results for artificial light assisted photo-Fenton. 

Impact 
categories Units iron hydrogen peroxide emissions 

electricity, medium 
voltage transport 

ARD kg Sb eq 5,81E-08 9,58E-06 0 1,71E-06 1,39E-07 
GWP kg CO2 eq 8,19E-06 0,00116 0,000191 0,000237 2,02E-05 
ODP kg CFC-11 eq 3,77E-13 1,07E-10 0 9,80E-12 2,68E-12 
HTTP kg 1,4-D* eq 9,87E-06 0,00379 0 5,27E-05 5,36E-06 
FATP kg 1,4-D* eq 1,99E-06 0,000253 0 1,38E-05 1,18E-06 
MAEP kg 1,4-D* eq 0,00644 0,456 0 0,156 2,75E-03 
TEP kg 1,4-D* eq 5,64E-08 8,07E-06 0 1,08E-06 3,74E-08 
POP kg C2H4 eq 2,01E-09 1,75E-07 0 5,10E-08 5,52E-09 
AP kg SO2 eq 4,61E-08 3,91E-06 0 1,29E-06 1,10E-07 
AEP kg PO43- eq 2,96E-09 3,72E-07 4,84E-06 6,25E-08 2,20E-08 
* 1,4-Dichlorobenzene 

 
 
 
Table a2.3. Characterisation results for artificial light assisted photo-Fenton coupled to biological treatment. 

Impact 
categories Units iron hydrogen peroxide emissions 

electricity, 
medium  
voltage transport 

sludge 
treatment 
materials  

ARD kg Sb eq 5,81E-08 4,66E-06 0 3,07E-07 8,27E-08 1,09E-08 
GWP kg CO2 eq 8,19E-06 0,000566 1,64E-04 4,25E-05 1,19E-06 3,71E-06 
ODP kg CFC-11 eq 3,77E-13 5,22E-11 0,00E+00 1,76E-12 1,58E-12 6,03E-13 
HTTP kg 1,4-D* eq 9,87E-06 0,00185 9,28E-08 9,48E-06 3,16E-06 1,90E-07 
FATP kg 1,4-D* eq 1,99E-06 0,000123 0 2,48E-06 6,95E-07 2,96E-08 
MAEP kg 1,4-D* eq 0,00644 0,222 0 0,02811 1,62E-03 9,53E-05 
TEP kg 1,4-D* eq 5,64E-08 3,93E-06 0 1,94E-07 2,21E-08 1,23E-09 
POP kg C2H4 eq 2,01E-09 8,54E-08 1,38E-08 9,17E-09 3,27E-09 6,62E-10 
AP kg SO2 eq 4,61E-08 1,90E-06 4,82E-08 2,32E-07 6,53E-08 8,01E-09 
AEP kg PO43- eq 2,96E-09 1,81E-07 4,72E-06 1,12E-08 1,30E-08 1,41E-09 
* 1,4-Dichlorobenzene 
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Table a2.4. Characterisation results for solar light assisted photo-Fenton 

Impact 
categories Units iron hydrogen peroxide emissions transport 
ARD kg Sb eq 5,81E-08 9,58E-06 0 1,39E-07 
GWP kg CO2 eq 8,19E-06 0,00116 0,000191 2,02E-05 
ODP kg CFC-11 eq 3,77E-13 1,07E-10 0 2,68E-12 
HTTP kg 1,4-D* eq 9,87E-06 0,00379 0 5,36E-06 
FATP kg 1,4-D* eq 1,99E-06 0,000253 0 1,18E-06 
MAEP kg 1,4-D* eq 0,00644 0,456 0 2,75E-03 
TEP kg 1,4-D* eq 5,64E-08 8,07E-06 0 3,74E-08 
POP kg C2H4 eq 2,01E-09 1,75E-07 0 5,52E-09 
AP kg SO2 eq 4,61E-08 3,91E-06 0 1,10E-07 
AEP kg PO43- eq 2,96E-09 3,72E-07 4,84E-06 2,20E-08 
* 1,4-Dichlorobenzene 
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