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ABSTRACT

The importance of the photocatalytic treatment of water is continuously growing since the
80s. In spite of the well management of the existing biological water treatment plants and the
constant reinforcement of the wastewater discharge standards, the development of new water
depolluting processes among which the photocatalysis is still relevant.

It is recognized that certain chemicals mostly from the synthetic chemistry are not or could
only be biodegradable under very critical conditions. When these "biorecalcitrant" pollutants
are rejected in a biological wastewater treatment plant, they very often cross it without being
degraded and thus, they accumulate in the environment and/or in the living beings. Some of
them like the phthalates and the pesticides are known for their carcinogenic and mutagen

effects or, they induce hormonal disruptions in the animals, including humans.

In general, all the Advanced Oxidation Processes (AOP) whose characteristic is to generate

hydroxyls radicals (OH) are able to degrade most of the organic molecules including the

biorecalcitrant chemicals.

As a technology using the photons emitted by a light source to excite a catalyst and facilitate

the generation of the "OH radicals, the photocatalysis would be a more environmental
compatible and less expensive process for depolluting such chemicals, if the light source is

natural: the sun.

For the first time, a study of potential application in the field of helio- photocatalysis was
explored in a sub-Saharan Africa country (Burkina Faso), making profitable the significant
solar radiation present in that country, to validate certain results obtained using appropriated
experimental and analytical methods at the Laboratory for Environmental Biotechnology

(LBE) at the Ecole Polytechnique Fédérale de Lausanne (EPFL) in Switzerland.

Siméon Kenfack, PhD Thesis i



The main objective of this thesis was to contribute to evaluate some physicochemical and

technical rules which guide the scaling up processing of the helio-photo-Fenton process.

To achieve this, the work was organized in several phases of laboratory work at the EPFL and
field apply work at the Ecole Inter-Etats d'Ingénieurs de I'Equipement Rural (EIER) of
Ouagadougou in Burkina Faso. To mitigate the deficit of sophisticated analytical material
during the field work's periods, a simple analytical method requiring relatively modest

equipment was developed and validated in the laboratory and on the field.

This thesis is organized in 5 chapters of which the first focuses on the problems of this

research and presents the fundamental principles of the photocatalytic processes.

Chapter 2 presents the systematic development of a low cost analytical method built up and
validated in the laboratory for field's applied studies on three phthalates: the dimethyl

phthalate (DMP), the diethyl phthalate (DEP) and the Diallyl phthalate (DAP).

The chapter 3 focuses on the study of the optimal parameters influencing the helio-photo-

degradation of the DEP.

In the chapter 4, two case studies on the enhancement of the biodegradability of some
biorécalcitrants wastewaters of which, the first evaluates the possibility of integrating the
photocatalysis into a global strategy of managing the effluents of a chemical industry and the

other treat problem of the depollution of the water polluted by a pesticide are presented.

The last chapter presents some modelling approaches allowing to evaluate the solar UVA
energy (needed for the helio-photocatalysis) basing on the equation of the solar UVA

irradiation which was proposed and tested with the one year solar data of Ouagadougou.

Keywords: Wastewater treatment, biorecalcitrant pollutants, advanced oxidation process,
helio-photo-Fenton, biodegradation, compound parabolic collector, modelling,
solar UVA, sub-Saharan country.




RESUME

La dégradation progressive de la qualité des eaux douces n'est pas freinée par l'utilisation des
systemes d'épuration des eaux usées par voie biologique. Ceci est di au fait que de
nombreuses substances chimiques issues de la chimie de synthese et massivement utilisées
dans l'industrie et les ménages, ne sont pas biodégradables et/ou ne le sont que dans des
conditions particulierement drastiques. Ces substances dites "biorécalcitrantes” s'accumulent
dans l'environnement et par la suite dans les étres vivants qui les ingerent. Certaines de ces
substances tels que les phthalates et les pesticides, sont aujourd'hui reconnues pour leurs effets
cancérigenes, mutagenes ou de disruptions hormonales chez les étres vivants.

Pour faire face a cette problématique, des traitements tels que l'incinération, l'oxydation patr
voie humide et l'adsorption sur charbon actif sont souvent utilisées. Malheureusement, ces

techniques s'averent trés colteuses et restent controversées du point de vue environnemental.

D'autres alternatives pour dégrader ces molécules font aujourd'hui I'objet d'études; notamment
les Procédés d'Oxydation Avancée (POA) dont la particularité est de générer des radicaux
hydroxyles (OH), puissants oxydants capables de dégrader la plus part des molécules
organiques. La photocatalyse est un de ces procédés qui consiste a induire la génération de
radicaux (OH) par l'excitation d'un catalyseur par des photons. Ce procédé serait encore plus
environnementalement compatible et moins colteux si la source photonique utilisée est le
soleil.

Cette étude est une contribution a la compréhension de quelques aspects physico-chimiques et
techniques qui influencent le processus hélio-photo-Fenton en vue de I'amélioration de la
biodégradabilité d'un effluent biorécalcitrant réel.

La partie fondamentale de I'étude a l'échelle du laboratoire a été réalisée a I'Ecole

Polytechnique Fédérale de Lausanne (EPFL) en Suisse et les études a I'échelle pilote utilisant le
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rayonnement solaire direct ont eu lieu a I'Ecole Inter-Etats d'Ingénieurs de 1'Equipement

Rural (EIER) de Ouagadougou au Burkina Faso.

Cette these est subdivisée en cing chapitres dont le premier expose la problématique de 1'étude

et présente les principes fondamentaux des procédés photocatalytiques.

Le chapitre 2 présente la systématique de développement et la validation au laboratoire, d'une
méthode analytique simple permettant d'étudier 'hélio-photocatalyse Fenton sur le terrain au

Burkina Faso sur trois phthalates: le diméthyl, le diéthyl et le diallyl phthalate.

Le chapitre 3 présente les résultats de 1'étude des conditions optimales de dégradation hélio-

photo-Fenton du DEP et de fonctionnement du photo-réacteur de type CPC.

Le chapitre 4 présente deux études de cas contextuelles dont la premicre réalisée a 'EPFL,
évalue la possibilité d'intégrer la photocatalyse a une stratégie globale de gestion des effluents
d'une industrie chimique en Suisse. La deuxiéme effectuée a I'EIER, étudie 'utilisation du
traitement hélio-photo-Fenton pour détruire un stock de pesticides obsoletes dont la matiere

active est 'Endosulfan.

Le 5™ chapitre présente la caractérisation de l'ensoleillement UVA 4 Ouagadougou et une
approche de sa modélisation qui a été testée avec les moyennes mensuelles de l'irradiation et
de I'énergie accumulée au metre carré. Enfin, une évaluation du calcul des couts de traitement
solaire d'un important stock de pesticides obsolete (Endosulfan) a été faite, tenant compte des
conditions optimales de traitement obtenues au chapitre 4, et des données de l'ensoleillement

UVA locale de Ouagadougou.

Mots Clés: Traitement des eaux usées, polluants biorécalcitrants, procédé d'oxydation avancé,
hélio-photo-Fenton, amélioration de la biodégradabilité, collecteur parabolique
local, modéliser, UVA solaire, pays sub-saharien, pesticide obsolete.
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Background
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1.1 A Global view of the water crisis in the world

Although water is the most widely occurring substance on earth, the evolution of the world
population, the agricultural and industrial activities, as well as changes of human behaviours,
constitute today a real threat to its infinite availability.

One estimates that the total volume of water available at an invariant cycle on earth is about 1.4
billion km® of which 97% is salted water in oceans and = 2% is locked up in glaciers. Hence, one
could imagine that the remaining 1% would be available to satisfy the water requirements of all
human activities; however, it happens that the 90% of this is located far in the deepest ground and
finally, only 0.1 % of the all water is easily available.

The rising water demand for domestic (municipal) consumption, agriculture and industry, has
been constantly increasing for about 700-850% within the last century (Fig.1.1) and are forcing

stiff competition over the allocation of scarce water resources among both areas and types of use.

5.000

4.500

4.000

3.500

3 000 municipal

- .
Industria

Km?

2.500
2.000 ]
1.500
1.000

0.500

0.000
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Figure 1. 1: Global annnal water withdrawal by sector, 1900-2000 (Abromovitz, 1996).




Due to the difference of the hydroclimatic and the geomorphology among the regions of the
world, the available water flows are different from one country to another.

The world's available freshwater is distributed regionally as shown in Fig.1.2. Today more than 30
countries accounting for about 8-10% of the world population face chronic freshwater shortages
and according to reasonable perspectives, 48 other countries are expected to face water shortages
by the year 2025, affecting more than 2.8 billion people - 35% of the world's projected
population. In Burkina Faso where the field's part of this research was carried out is one of the
few countries (e.g. Ghana, Togo, Ethiopia, Niger, Burundi, Kenya, Nigeria...etc.) likely to have

water shortage in the next 20 years (Population.Information.Program 1998).

Water Stress

- Water Scarcity

Less than 1000 cubic meters per person per year 1°000 to 1°700 cubic meters per person per year

Source: Cardner-Outlaw & Engelman 1997 in (Population.Information.Program 1998)

Figure 1. 2: Fresh water distribution in the world
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Scarce and unclean water supplies are critical public health problems in most parts of the world.
It's estimated that polluted water and water shortages which are sources of unsanitary living
conditions kill over 12 million people per year. For some time now, the water crisis has become
worst because of the occurrence of new sorts of chronic diseases (cancers, endocrine
disruptions...etc.) which result from water pollution by some micro-pollutants (Geschwind,
Eiseman et al. 1999; Centre for Disease Control (CDC) 2001).

Among the current main causes of water shortage are: (i) the increase of the population while the
water resources are limited; (i) the decrease level of rain and desertification; (iii) the weak
management of the Transborder Rivers; and of course, (iv) the anthropogenic hazardous

pollution of water.

1.1.1 Environmental and health related risks to water pollution

Each year, around 1500 new chemical products join the 70'000 already existing ones on the
market, and the trend is still increasing (Toepfer 2004). It’s estimated that some 2 million tons of
waste per day are disposed of within receiving waters, including industrial wastes and chemicals,
human waste and agricultural wastes (fertilizers, pesticides and pesticide residues) (WHO-UNDP
2004). Many of these pollutants are known to be hazardous for living organisms, and there is a
growing concern about the impact of the chemical pollution on the environment. The Stockholm
convention on Persistent Organic Pollutants (POPs) which entered into force in 2003 banned the
use of nine pesticides and polychlorinated biphenyls (PCBs) and the generation of two by-
products of incineration. In 1996, the European Integrated Pollution Prevention and Control
(IPPC) directive was set out, with the objective of minimizing pollution from specific industrial

activities (listed in the Annex I of the Directive) throughout the European Union (EU 1996).




The lack of best available on-site treatment technologies (BAT) and their high cost has made it
difficult for industries to fulfil the requirements. In this context, simple and low cost solutions are
still strongly required.

In developing countries, the production of hazardous chemicals is increasingly shifting whereas
the needs of cost affordable and appropriate techniques for the treatment of wastewater are
strongly required (Cissé 1997; Koné 2003). Developing countries depend on high amounts of
pesticides and fertilisers for their agriculture and their share of the worldwide chemical
consumption was 20 percent in 2002 and is set to increase (Watfa T.N, Awan S. et al. 1998; Kogi
2002). The lack of public awareness on the potential risks and the in appropriation of adequate
mechanisms of protection, combined with the non existence of water treatment techniques,
increased the negative impact on peoples' health and their living standards. The main problem
with POPs is that they are hardly or even not degradable by microorganisms and thus, accumulate
in the environment all along the years. Long-term consequences of this accumulation of
xenobiotic compounds in aqueous and terrestrial ecosystems are hard to predict, but some
alarming findings have already been made; relatively high concentrations of some pollutants have
been detected in fish, seals and in mother’s milk (Geschwind, Eiseman et al. 1999; DiGangi 2002;

Zhang, Hong et al. 2003; Ali 2004).

1.1.2 Common wastewater treatment techniques and their limits: The

biodegradability and biorecalcitrancy concepts

In general, the conventional water treatment processes are classified as pre-treatment, primary,
secondary and tertiary treatments (Horan 1990).
V" The pre-treatment is designed to remove the coarse remains and sandy material from

the wastewater.
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v The primary treatment is the step in which suspended matters and greases are
separated from wastewater. In general, flocculent and some polymers are added in
wastewater at this stage

v" The secondary treatment is referred to as biological treatment and is designed and
managed to remove dissolved organic matter from wastewater. The microorganisms
absorb organic matter for their metabolism. This step of wastewater treatment
produced quantity of sludge when died and still alive microorganisms decant in the
basin.

v' The tertiary treatment generally focuses on the removal of nitrogen, phosphorus
(principal causes of the eutrophication of lakes and rivers) and other disease-causing
organisms from wastewater.

Since the main principle of these processes is based on degrading the pollution by natural means,
the biodegradability as a concept is an important parameter in water chemical risk assessment,
because it directly influences the predicted environmental concentrations and thus, the possible
exposure of biota to the chemical pollution.
Biodegradation is defined as the biologically mediated breakdown of chemical compounds.
Complete biodegradation of organic molecules to CO,, H,0O and/or other inorganic end
products, is called mineralization. This is most often accomplished by microbial consortia, even if
individual reactions may be carried out by a single organism. Compounds that are not
biodegradable are referred to as biorecalcitrant.
The biodegradability and the biodegradation rate of a chemical compound depend mainly on:

v the concentration of the substance in the system

V' the structure of the molecule

v" the microbial population




v" and the bioavailability of the compound
At different concentrations, completely different biodegradation rates can be observed. At high
concentrations a biodegradable compound can be degraded as a primary substrate, i.e. it gives the
degraders sufficient energy and carbon to support growth. In that case the involved
microorganisms grow exponentially, leading to an acceleration of the degradation rate, following
Monod kinetics. At low concentrations the substance will not serve as a primary substrate, but
will be degraded by means of co-metabolism. The microorganisms degrade the substance without
deriving carbon or energy from it. In this case, degradation does not fuel population growth, and
the degradation rate remains constant (zero order kinetics) (Banerjee, Howard et al. 1984).
Generally, a xenobiotic resembles a natural substrate; the more likely it is to be degraded.
Functional groups that are often found in nature usually increase the biodegradability, whereas
newly synthesized man-made groups often make the molecule more persistent. In aromatic rings,
electron-withdrawing constituents (e.g. halogens and nitro-groups decrease the biodegradability,
whereas electron-donating constituents (carbonyl groups and phenols) increase it.
The microbial population, their relative concentrations and the induction of their enzymes depend
strongly on the environmental conditions such as pH, temperature, redox potential, oxygen
concentration and concentrations of other relevant substances for microbial growth.
Consequently, the biodegradation rates vary remarkably, depending on the environment. A
microbial community can also adapt to a compound, which will ameliorate the biodegradation
rate.
Within the framework of this thesis, the depollution of two important groups of biorecalcitrant

pollutants (the phthalates and pesticides) was investigated.
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1.2 The importance of the environmental pollution of the

phthalates and pesticides

1.2.1 Phthalates

1.2.11 The sources of phthalates in the environment

Phthalates are a principal component of flexible PVC products, plastic packaging, cosmetics,
pesticides, building maintenance products, lubricants, and personal care goods that surround
consumers.

Approximately 90% of global plasticizer production is destined for use in polyvinyl chloride
plastic (PVC) (Bizzari 2000). The remaining 10% is used in adhesives, caulks, skin creams,
detergents, electrical capacitors, hairsprays, inks, solvents, lubricating oils, lotions, nail polish,
paints, fragrances, and pharmaceuticals (Houlihan and Wiles 2000; Centre for Disease Control
(CDC) 2001; Phthalate Esters Panel 2002).

The benzene ring based structure of phthalates helps reduce their viscosity but also makes them
harder to degrade; since they are not covalently bound to the polymer, they are faitly easily
released to air, water, saliva, blood, nutritional formulae, and other extracting materials (EU
Scientific Committee on Toxicity 1998.). Since phthalates tend to be fat soluble, they leach more
readily into lipid-containing solutions. Depending on the circumstances of use, 2% - 50% of the
phthalate content can emerge from products over their service life (Kemi 2001).

The Diethyl phthalate (DEP), the dimethyl phthalate (DMP) as well as the dibutyl phthalate
(DBP) are used as solvent in the perfumes and support of the active ingredient in the cosmetics.
The concentration of DEP in these products varies from 0.1% to 50% in weight, which in DBP
does not exceed 10 %. The annual production of DEP in Europe rose in 1999 with roughly 10'

000 tons for its use as plasticizer. In parallel, 4' 000 t/year were used in perfumery (Api 2001;




WHO 2003). Human are directly exposed to a considerable quantity of phthalates when those are
used in cosmetics. American studies (Blount 2000; Brock 2002) bearing on the presence of
phthalates in the urines showed concentrations going of a few pg/g of creatin to more than 300
ug /g of creatin. In a study of Blount et al. (Blount 2000), six of the eight higher concentrations
were observed among pregnant women. An assumption plausible, but not checked is that this
contamination is related to beauty products since it is about the principal use of the phthalate
measured during study (the DBP). The presence of phthalates in the human urines has been
reported in many papers (Blount 2000; Brock 2002; DiGangi 2002; Houlihan J. 2002), arguing
that the concentration in DEP increases with the age of the studied people. The use of these
phthalates could explain these different behaviours since DEP is especially used in the cosmetic

products and the perfumes.

1.2.1.2 The environmental and health risks related to phthalates

The release of the phthalates in the environment can occur at each phase of their cycle of life; in
the case of their use as plasticizer, during the production of the plastics (wastewater of plastic
manufactures), of their use but especially by leaching in the discharges where the plastic wastes are
stored (Api 2001).

The manufacture, the use and the disposal of PVC and other phthalate-containing products have
resulted in extensive environmental releases of phthalates. Consequently, phthalates are now one
of the most abundant industrial pollutants in the environment, and are widely present in air,
water, soils, and sediments (Agency for Toxic substances and disease registry 1995; Danish

Environmental Protection Agency 1995; Staples 1997).
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In Sweden, Italy, Germany and the UK, various phthalates and their metabolites have also been
detected in landfill leachates. Phthalate concentrations for phthalic acid, DEP, and DMP were
18.900 pg/kg, 540 pg/kg, and 300 pg/kg respectively.

Compared with other phthalates, the Diethyl phthalate (DEP) has the worst capacity to bind with
the sediments. It is thus in majority (70 to 90%) in the aqueous phase (WHO 2003); this enables
it to move in the environment and it's likely to accumulate in the natural water tanks as attested by
a study in several American cities carried out by the Environmental Protection Agency of the
USA (EPA 2001).

In the case of its use in cosmetic, the contamination by the DEP on Human does not depend
only on its concentration in the products used but also on the frequency of use and the number
of products. According to an England studies', women use an average of 26 cosmetic products
per day, but several studies show that many products of high standard may contain a
considerable quantity of phthalates (DiGangi 2002).

The study of Colén, 2000 (Colén 2000) bearing on children of California showed that they have a
concentration in different phthalates higher than the American average monitored by Blount et al.
(Blount 2000). The types of phthalates observed (DBP, DEP) tend to show that the
contamination is made via cosmetic products. But the presence of DEHP proves also that there
was as contamination via PVC products, as are of the toys or edible packing of products.

Among 120 pollutants considered as priority and being indexed by the American agency of
environmental protection (EPA) within the framework of the American policy of protection of
the water quality, the DEP and DMP respectively occupy the 79"and 80" position. This
classification is not due to a proven acute toxicity of these substances but quite to the contrary to
a chronic toxicity. Indeed, acute toxicity is very low since only irritations can occur in the event

of direct contact with the skin and the risk of pure ingestion of phthalates which is very limited.
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The chronic toxicity of the phthalates is characterized by disruptions of the hormonal system.
Hashimoto et al. 2003 showed through studies carried out on cells proliferating in the presence
of estrogens, that some phthalates support the growth of these cells and are thus assimilated by
these to hormones (Hashimoto, Kawaguchi et al. 2003). These substances thus affecting the
hormonal system of the alive beings constitute the family of the endocrine disruptors whose
many contemporary studies on the human beings are worried some (Colén 2000; Rozati, Reddy
et al. 2002; Latini, Felice et al. 2003).

American and Italian studies bearing on adults show that women from 20 to 40 years present the
strongest contamination; however it is in this age group that the women are most numerous to
have children. Studies showed that the phthalates can cause a reduction in the time of gestation
which can be responsible for later disorders for the child if is not to increase the infant mortality
(Duty, Silva et al. 2003; Duty, Singh et al. 2003; Latini, Felice et al. 2003).

However, these results cannot be interpreted as a proof of the causality which exists between the
phthalates and the various affections. On the other hand, scientists at the origin of this research,
as well as the American Academy of the Podiatrist joined together at the time of a debate in June
2003 agreed on the fact that it is significant to increase the number of studies on the subject. By
then, it is significant that on a world level, the principle of precaution should be applied, as that
was done in Europe since December 7, 1999, date on which 6 phthalates (DEHP, DBP, DINP,
DIDP, DNOP and BBP) were prohibited in the manufacture of PVC toys for the children of less
than 3 years. With the sight of the various studies that should as apply to the cosmetic products,
at the same time as of the technical solutions making it possible to cleanse water of their contents
in phthalates and other substances biorecalcitrant must be developed. It is to this end that the

present study is registered.
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In general, the monoester metabolite of the parent phthalate compound is thought to be
responsible for adverse reproductive and developmental effects of phthalates. In animal testing,
impacts include decreased fertility in females, foetal defects, and reduced survival of offspring,
birth defects, altered hormone levels, and uterine damage (Lamb, Chapin et al. 1987; Field, Price
et al. 1993).

In males, phthalates cause prostate damage, female like areolas/nipples, and treproductive
malformations in infants, including altered hormone levels, testicular atrophy, reduced sperm
production and motility, undescended testes, hypospadias, Sertoli cell damage, and Leydig cell

tumours (Brown 1978; Lamb, Chapin et al. 1987; Jones, Garside et al. 1993).

1.2.1.3 The phthalates and the legislation

Phthalates have been identified as a priority for action in Europe. In 1998, the Oslo and Paris
Commission (OSPAR) listed DBP and DEHP among substances for priority action. The 13
countries named as Contracting Parties agreed to make “every endeavour to move towards the
target of cessation of discharges, emissions and losses of hazardous substances by the year 2020.
In 1999, the European Community (EC) took restrictive measures as for the use of some
phthalates in the toys for children. These measurements were based on the precaution principle
and had a limited duration. The purpose was to limit the risks when taking the time to acquire
sufficient knowledge on the effective toxicity of the phthalates.

The first regulation dating from 7 December 1999 (decision 1999/815/CE) prohibited the use of
some phthalates in the plastics used for the manufacture of toys intended for children of less than
three years. This prohibition was limited to 3 months duration but since then, this regulation was
prolonged three months in three months until today, because of the lack of certainty and the need

for thorough research (Byrne 2003).
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For the phthalates present in the cosmetics, no legislation exists to date within the European
Union but certain organizations like Women' S Environmental Network, Swedish Society for
Nature Conservation and Health Care Without Harm, proposed a series of measurement in order
to improve the consumer protection and the public health (DiGangi 2002). Among those a
private bill appears prohibiting the use of the phthalates in the cosmetics. This idea is justified by
the fact that in the trade there are cosmetics having the same properties, but not containing a
phthalate; which proves that the industrialists, if the legislation imposed such a restriction on
them, would remain able to satisfy the request of their customers.

The US Food and Drug Administration (FDA) requires some labelling of cosmetic ingredients,
but the law does not require listing of phthalates or other ingredients considered fragrance
components nor does the law require labelling of products sold to professional salons (US Food
and Drug Administration 2001).

According to a voluntary reporting system used by the FDA, DEP-containing products include
42 colognes, 7 powders, 8 aftershaves and 8 skin creams (US Food and Drug Administration
2001). The Agency also lists DMP in 11 hair preparations and DBP in 120 nail basecoats, polishes
and enamels and 27 other manicuring preparations. As the Health Canada panel concluded, “%be
status quo is not an acceptable option” (Digangi 2002).

Regulatory agencies charged with protecting medical patients, public health, and the environment
must substantially revise procedures and protocols to consider the potential impacts of phthalate

exposures cumulatively, rather than as single chemical exposures.

1.2.2 Pesticides in water and environmental pollution

A pesticide is generally a drug use for the mitigation, control or elimination of plants, animals or

microorganisms, detrimental to human health or the economy (ca. agriculture products).
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Depending on the target, pesticides can be classified to: (i) insecticides act against insects, (ii)
herbicides against weeds, (i) fungicide against fungi agents, (iv) rodenticides against
rodents.....Etc.

The application of pesticides into agriculture has significantly increased the global food
production and, their production and use are likely to increase, in order to meet the needs of the
growing world population. Unfortunately, pesticides are nowadays a serious cause of water
resources, soil and air pollution. 70% of the twelve listed Persistent Organic Pollutants (POPs) are
pesticides.

Most pesticides used in agriculture have the potential to affect non-targeted organisms and, once
in the environment, pesticides may be transformed into a large number of degraded products,
commonly defined as metabolites and most of them are toxic or at less harmful to the biota.
Many studies reported the presence of pesticide metabolites in groundwater since the 1950s
(Malato, Blanco et al. 2002) and since they most often are biorecalcitrant, they will keep
accumulating, with unpredictable consequences to the environment. Endosulfan has been found
to have endocrine disrupting effects on the wildlife (Gomes, Scrimshaw et al. 2003). Within the
framework of this research, the helio-photo-Fenton degradation of one of the known
biorecalcitrant insecticides was studied. Endosulfan is a cyclodiene organochlorine possessing a
labile, cyclic sulfite diester group. It is currently used throughout the world for the control of
numerous insects in a wide variety of food and non-food crops.

Endosulfan has been ubiquitously detected in the atmosphere, soils, sediments, surface waters,
rainwaters, and foodstuffs (Turner 1997). Endosulfan comprises two parent isomers, «- and 3-
Endosulfan; the o to  ratio of technical endosulfan is about 7:3 (Geobel 1982), and both isomers
are extremely toxic to aqueous organisms (National Research Council of Canada 1975). Of key
concern regarding its widespread distribution, particularly in water environments, is its high acute

toxicity to fish (Table 1.1). The toxicity of the Endosulfan in aquatic animals under laboratory
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conditions has been attributed to the fact that it has very low water solubility and a high
bioaccumulation factor (Sonnenschein and Soto 1998).

Because of its widespread use, its migration and persistence in the environment, the Endosulfan is
listed in the EEC directive 76/464/EEC of very toxic chemicals for water and environment

(EEC 1976).

Table 1. 1: Overview of the acute toxicity of key Endosulfan componnds (Guerin 2001)

Compound Toxicity LD50 (mg.ke-1)

Endosulfan o 0.001-0.01" 26-1000 9.4-40
Endosulfan 9.0 0.001-0.01 26-1000 177
Endosulfan sulphate 9.5 0.001-0.01 - 8-76
Endosulfan diol >500 1-10 - >1500

7'The lower the lethal dose (D), the higher the toxicity

1.2.2 The biodegradability and biorecalcitrancy concepts as tools in the

environmental chemical risk assessment

The biodegradability is an important parameter in chemical risk assessment since it directly
influences the predicted environmental concentrations and thus the possible exposure of biota to
a chemical. Biodegradation is defined as the biologically mediated breakdown of chemical
compounds. Complete biodegradation of organic molecules to CO,, H,O and/or other inorganic

end products, is called mineralization.
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This is most often accomplished by microbial consortia, even if individual reactions may be
carried out by a single organism. Compounds that are not biodegradable are referred to as
biorecalcitrant.

As described previously in § 1.1.2, the biodegradability is affected by many factors which makes
its prediction very complex. The existing OECD biodegradability tests (among which the most
applied Zahn Wellens test), are designed to determine weather a chemical has the potential to be
easily biodegraded. This is done by measuring the decrease of organic carbon, carbon evolution or
oxygen demand during the test. If 60-70 % degradation occurs during the first 10 days, the
chemical is regarded as readily biodegradable in the OECD regime (OECD 1996; Ahtiainen
2003). Yet, the test results often do not reflect what actually happens in the environment. The
problem with most biodegradability tests is that they are performed at high substrate
concentrations, sometimes simulating the functioning of an activated sludge wastewater treatment
plant, whereas the concentrations of chemicals in the environment usually are in the range of ng-
ug carbon per litre (Ahtiainen 2003). That is why the biodegradation rates obtained in the tests are
often higher than the actual rates in the environment.

The degree of biodegradability can also be estimated, using the chemical and the biochemical
oxygen demand (COD and BOD). Both BOD and COD are used to measure decomposition of
chemicals. COD is a measure of the theoretical amount of oxygen required to convert the
material to carbon dioxide and water, whereas the BOD measures the actual amount of oxygen
consumed by microorganisms decomposing organic matter. It also measures the chemical
oxidation of inorganic matter i.e. the extraction of oxygen from water via chemical reaction. The
ratio BOD/COD can be considered as a measure of biodegradability. For completely

biodegradable compounds it is near to one and for totally biorecalcitrant compounds it is zero.
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During biological wastewater treatment, the value of the BOD/COD ratio decreases, since the
fraction of biorecalcitrant matter becomes more important. Photocatalytic treatment in turn leads
to an increase of the BOD/COD ratio, since biorecalcitrant compounds ate oxidised by *OH
radicals generated within the process, which very often leads to more biodegradable intermediate
by products.

For a chemical to be degraded, it is necessary that it can reach the active site of the degrading
enzyme. Several studies have shown that although a chemical is easily degradable, when freshly
added to the soil, the biodegradation can become very slow when it has been there for a long
time. This is due to sequestration, which makes the molecules unavailable to degraders. The
bioavailability of a chemical also depends on its physical and chemical properties. Generally, more
water-soluble molecules are more easily degraded. In 1984, Banetjee et al. reported that the
correlation of the octanol-water partitioning coefficient (K_) with biodegradation rate depends
on the type of the molecule. For hydrophobic compounds the adsorption rate on the cell

membrane increases with I

ow?>

whereas the rate of penetration through the membrane is inversely
proportional to K .. Depending on which of these steps is rate-determining, the overall
biodegradation rate can either increase or decrease with the K . For hydrophilic substrates, the

biodegradation rates are independent of K|

oW

since the molecules enter the cell via hydrophilic
pores in the membrane (Banerjee, Howard et al. 1984).

In the industrial wastewater management strategy, two fundamental reasons for biorecalcitrance
have been identified: (i) the microorganisms present in the system do not possess the enzymes
needed for the degradation of the substances in question; (i) the wastewater contains substances
which are bactericidal or strong inhibitors to the metabolism of microorganisms (Rodriguez,
Sarria et al. 2002; Sarria 2003). In one way or another, the actually designed mostly biological

wastewater treatment plants, wherever they exist, have shown their incapability to remove
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effectively many biorecalcitrant or toxic pollutants. In this context, there is a strong need for the
development of new adequate water treatment systems and/or water management strategies.
Among the plausible water management strategies, one can quote:
v" The rational use of water by the various stakeholders; this will lead to the reduction of
water consumption and prevent water pollution.
v" The development of tools for the better management of water catchments and rivers
basins
V" The prevention and control by means of cleaner technologies, of industrial wastewater
pollution and,
v The development of efficient and friendly environmental processes for the
depollution of waters containing toxic or biorecalcitrant pollutants.
Within the past 30 years, research on water detoxification techniques had been extensively
growing simultaneously with implementation of water management legislations in Europe (EEC,
1992; (EEC 1992; Conseil fédéral Suisse 1998) in order to improve the existing water treatment
technologies and develop new and more efficient ones.
Within the framework of this awakening, a great interest had been spread on the development of
Advanced Oxidation Processes (AOPs), pointing out their prominent role in the water and air
purification (Ollis and Ekabi 1993; Pulgarin and Kiwi 1995; Malato, Blanco et al. 1999; Blake
2001).
Some of these AOPs among the photo-Fenton process (which is the main focus process in this

thesis), are extensively described in the following paragraph.
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1.3 Advanced oxidation processes

The most recent challenges in the domain of water decontamination are focused on the oxidation
of hardly biodegradable chemicals, as well as the disinfection of drinking water by other means
than using chlorine, as it's generally the case. In this concern, methods based on the chemical and
photolytic catalysis; generally referred to as Advanced Oxidation Processes (AOPs) involving the
production of highly oxidative *OH radicals, have shown to be very attractive (Malato, Blanco et
al. 2004; Dominguez, Beltran et al. 2005).

Generating *OH  radicals is possible via several ways: Chemical, photochemical,

electrochemical....etc .as illustrated below.

Electochemical Photo-induced AOPs

Photo-Fenton
Sonolysis @ 0
*OH
Plasma & .
Electrohydaulic HO, <:I] 0./H,0,/UV
. 3 "2V
Discharge

O, e
Electron beam @ Photocatalysis
y-Radiolysis ﬁ
(=] J
Supercritical

Water Oxidation

r s

Figure 1. 3:The diversity of AOPs

Siméon Kenfack, PhD Thesis 19



Promoting the use of the *OH radicals for the detoxification of water pollutants presents two

main advantages:

v' *OH radicals attack mostly all organic pollutants with rate constants usually in the order of
10°-10° M.s™ (Hoigne 1997).

v" The way of production of *“OH radicals can be chosen in a better compliance with the specific
required treatment process.

Table 1.2 presents the oxidation potential of vatious oxidant mostly used and, it is evident to

notice that the *OH radical is quite the most oxidative species.

Table 1. 2: Oxidation potential of varions currently used oxidant

Oxidant Oxidation potential (eV)

*OH 2.8

O ('D) 2.42

O, 2.07

H,O, 1.77

HO?, 1.70

MnO, 1.67

ClO, 1.50

Cl, 1.36

O, 1.23

Source: (CRC 1985)

Among the panel of AOP presented in Fig.1.4, extensive studies and very recent industrial
applications of AOP for the treatment of biorecalcitrant pollutants are concentrated on the
sonochemical, the electrochemical and very more on the advanced photochemical oxidation
processes. In fact, the photo-induced AOPs which involve the use of photons generated by a

UV-visible light source in order to modify or break very high energetic chemical bonds, have

20



shown to be of great environmental concern especially if the sunlight could be used as the

photons generator.

As presented in Fig.1.4, each of the known photo-induced catalytic process is optimally efficient

only within a characteristic wavelength range of excitation.

Radiation
Chemistry Solar Application
<+ - I -
' I H,0,/UV
| H,0/VUV | ;
1 | I .
! 1 Os/UV I Photo-Fenton:!
! I : Fe 3+ |
! | H,0,/0,/UV !
| | | |
I UV Disinfection: TiO,/UV :
| 1
L [ 1 1 >
| | uvc uvB U©va | [
100 200 300 400 500
Wavelength [nm]

Figure 1. 4: Classification of the photo-initiated AOPs according to their active wavelength and

spectral domains of excitation

A report of Blake, 2001 presents a review of thousands of works on the photocatalytic removal of

hazardous chemicals in water and air, is a relevant proof that AOPs could successfully solve the

problem of biorecalcitrant pollutants in water(Blake 2001). However, most of the cost assessment

operations made on the photochemical AOP developed up to now show that they could

advantageously be used only for relative small amount of industrial biorecalcitrant wastewaters

(onsite pre-treatment) or if they are proposed in combination to the well established biological

water treatment techniques (Ollis 1988; Pulgarin, Invernizzi et al. 1999; Parra 2000; Sarria, Parra et

al. 2002; Sarria 2003; Sarria 2005). The flexibility in use of the AOPs is related to the possibility of
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producing *OH radicals by different techniques. The potentialities offered by the AOPs can be
combined with the biological treatments when oxidizing the refractory toxic substances entering
or getting out of a biological stage (Malato, Blanco et al. 1999; Pulgarin, Invernizzi et al. 1999).
However the application of such processes is limited to wastewaters with COD lower than 5.0
g/L. (Mantzavinos, Lauer et al. 1997; Andreozzi R. 1999). Biorecalcitrant wastewaters with higher
COD values would require the consumption of significant quantities of the reagents. This is why
such wastewater should more effectively be treated by other processes such as wet oxidation or

incineration.

Incineration

Wet oxidation

AOPs

0 5 10 5 2 200 300
COD gL

Figure 1. 5: Domains of suitability of biorecalcitrant wastewater treatment according to COD

contents (Andreozzi R. 1999).

1.3.1 Reaction mechanisms and mode of action of the hydroxyl radicals

The AOP are mainly based on the chemistry of the hydroxyl radical. The *OH radicals are the
most significant intermediate reagent responsible of the oxidation of the organic compounds. Due

to its strong oxidative power, the *OH radical can attack the organic compound by three main
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mechanisms: electrophilic addition (Eq.1.1), hydrogen abstraction (Eq.1.2) or electron transfer

(Eq.1.3).

1.3.1.1 Electrophilic addition reactions on double bonds

*OH + PhX — HOPIX® (Eq.1. 1)
HOPLX® + n (0,/*OH) — HPh + x CO, + y H,0, where X a carbonyl group (Eq.1.2)
1.3.1.2 Abstraction of one hydrogen atom

RH +°*OH — R* + H,0 (Eq.1. 3)

The free R® radical reacts after with molecular oxygen to give the peroxyle radical ROO®,

initiating a sequence of oxidizing reactions which can lead to the complete mineralization of the

pollutant.
R* + 0, — ROO® (Eq.1.4)
ROO* +  (0,/*OH) »— x CO, + y H,0 (Eq.1. 5)

1.3.1.3 Electron transfer

*OH + RH — (RH)™* + HO (Eq.1. 6)

In some non favourable conditions of oxidative reactions involving the hydrogen peroxide, *"OH
radicals could react with H,O, leading to the production of hydroperoxyl radicals (Eq.1.7), which

are very less powerful than the OH radicals or they could even recombined to form H,O,

(Eq.1.8).
H,0, +*OH — H,0 + HO,' (Eq.1.7)
*OH + *OH — H,0, (Eq.1. 8)
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Cater et al, 1990 and Haag et al, 1992 had demonstrated that the reactivity of the hydroxyl radical
is:
v’ Faster for non saturated ethyl and aromatics compounds than for aliphatic
compounds;
v' Faster for aromatic compounds with activated phenolic and aniline derivatives than
deactivate radicals,
v" Lower for aliphatic compounds than for organic acids.
As a consequence of its high reactivity, the half-life of the *OH radical is obviously very short
(e.g. the half life of the *OH in an aqueous solution containing 1 mM of an organic chemical
which the kinetic constant is 108 M .s" is 6.9 us). This thesis focuses on the solar application of
the Fenton/photo-Fenton process, one of the most attractive in the group photochemical

oxidation processes.

1.3.2 Advanced photochemical oxidation processes

A common limits to most of the AOP is their high demand of electricity either for ozonation,
sonication, electrochemist,....etc. At the opposite of that, the energy cost of the photochemical
oxidation processes, charactetized by the generation of *OH radicals initiated by the interaction of
the photons on a catalyst, could be reduced by the use of solar irradiation as the photonic source.
Depending on the used catalyst's form (soluble or solid), photochemical processes had been
subdivided in two main groups: the homogeneous catalysis which mostly used iron aqua-complex
as catalyst and the heterogeneous catalyst leaded by the Titanium dioxide (TiO,) mediated

photocatalysis.
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1.3.2.1 Heterogeneous photocatalysis

The first work related to the photoelectrochemical behavior of the metallic oxide semiconductors
was initiated by Fujishima and Honda in 1972. These two authors were interested in the
dissociation of water photoinduced by the TiO, electrodes (Fujishima and Honda 1972).

In spite of the strong passion in this research which involves the activation of the TiO, by a
photonic light source (sun or lamp), effective conversion into hydrogen by the sun did not exceed
a few per cent because the fundamental absorption range of the TiO, is located in the area of the

UVA.

TiO, Solar spectrum

a2
2
]
2
g
o) Photocatalysis
E Less than 5%
e

| ! I ! I ! I ! I ! |
250 300 350 400 450 500

Wavelength (nm)

Figure 1. 6: T:0, absorption spectrum (in green)

In the middle of the 1980s, the interest went on other applications of metallic oxide
semiconductors. Research turned to the photocatalytic degradation of water pollutants
photoinduced by semiconductors, and more specifically by the TiO,.

In general, heterogeneous photocatalysis is based on the photo-excitation (by irradiation) of a

catalyst, usually a semiconductor, which forms electron-donor sites (Valence band: VB) and
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electron acceptor-site (conduction band: CB), providing great scope as redox reagents. CB and
VB ate separated by an energy distance referred to as the band gap (E,); when the semiconductor
is irradiated with light (n*hv) of higher energy than that of the used semiconductor's band gap,
n*e are promoted from the VB to the CB leaving a positive hole in the VB. The generated pair of
electron (€)/hole (h") may recombine to generate heat or can be involved in chemical reactions
(addition reactions, electron transfer reactions or substitution reactions) with other species in
solution as illustrated in Fig.1.7.

The process is heterogeneous because there are two active phases: the solid catalyst immerged in

the liquid (water in the case of water detoxification).

Photo-reduction

:
: :
= =

b /

Photo-oxidation

>
O,

Figure 1. 7: T70,-semiconductor photocatalytic process: Scheme of some chemical events which

may ocenr at the surface of an irradiated 170, particle.

Among the semiconductors which have been tested for photocatalytic purposes listed in Table

1.3, TiO, has proven to be the most suitable for widespread environmental applications. TiO, is
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stable light and chemical corrosion and also, its appropriate energetic separation between the VB
and CB (+3.1 and -0.1 eV) can be surpassed by the photonic solar energy, leading to the use of

sunlight for TiO, photocatalytic application.

Table 1. 3: Characteristics of some common semiconductors in aqueous solution at pH=1.

Semiconductor | Valence Band Conduction Band Gap (eV) Band gap
band wavelength
TiO, + 3.1 -0.1 3.2 387
Sn0O, +4.1 +0.3 3.9 318
ZnO +3.0 -0.2 3.2 387
ZnS +1.4 -2.3 3.7 335
WO, +3.0 +0.2 2.8
CdS +2.1 -0.4 2.5
CdSe + 1.6 -0.1 1.7
GaAs +1.0 -0.4 1.4
GaP +1.3 -1.0 2.3

Blake D. updated in 2001 a list of over thousands of different contaminants including alcohols,
carboxylic acids, phenols, dyes, aromatic hydrocarbons, alkanes, halogenated alkanes, surfactants,
pesticides....etc. which have been successfully degraded by TiO, photocatalysis (Blake 2001).

Among the possible mechanisms presented in Fig.1.7 and which may take place on an irradiated
particle of TiO,, there are evidence supporting the idea that hydroxyl radical ("OH) is the main
responsible of the photo-oxidation of the chemicals because of its powerful oxidation potential;
its production in the medium followed the generation of the pair electron/hole shown in the

Fig.1.7.

TiO, + hv — TiO, (6 + ") (Eq.1.9)
Since H,O, is an electron acceptor, its generation in the medium or its addition, limits the

recombination of the electron-hole pair and generate more *OH radical.
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H,0, + ¢y — *OH + OH (Eq.1. 10)

1.3.2.2 Homogeneous photocatalysis

The former application of the homogeneous photocatalysis (single phase system) to treat
contaminated waters concerned the use of UV/H,0O, and UV/O;. The use of the UV light for the
degradation of water pollutants can be classified in two categories: (i) photolysis (direct excitation
of the pollutant by UV light and (ii) photo-oxidation in which light is a propagator agent of an
oxidative process initiated by hydroxyl radicals. Hence, this second process involves the use of an
oxidant to generate the hydroxyl radicals; for this purpose, three main reagents are commonly

used: H,0,, O, and the photo-Fenton (H,O,/Fe™) reagents.

The photolysis of hydrogen peroxide (H,0,)

The couple UV/H,O, was first used for water detoxification by Koubeck (Koubeck 1975). The
aqueous hydrogen peroxide solution absorbs the light at wavelengths lower than 360 nm. The
optical density of the hydrogen peroxide solution increases with the pH because the dissociated
form of hydrogen peroxide (HO,) absorbs the light better than the molecular form H,O,.

H,0, + H,0 < HO, + H,0" (Eq.1.11)
The most common accepted mechanism of the photolysis of the H,O, is the cleavage of the
molecule into two hydroxyl radicals per quantum of radiation absorbed, by the homolytic
breakdown of the O-O bond (Nicole, De Laat et al. 1990). These radicals can then initiate a

radicalising feedback path:

H,0, + v — 2°OH (Eq.1.12)
2 (H,0, + *OH) — H,0 + HO,® (Eq.1.13)
2HO,* — H,0,+ 0, (Eq.1. 14)
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Finally, 2 H,0, — 2 H,0 + O, (Eq.1.15)

Even if Baxendale and Wilson confirmed that the quantum yield of the global reaction is
important at 254 nm, its weak extinction coefficient (18.6 L.mol'.cm™) and the high energy need
to run the necessary mercury lamps for the process are some of the limitative factors (Baxendale

1957).

The photolysis of Ozone (O;)

O,/UV is an advanced oxidation process widely used in the elimination of the toxic and
refractory organic pollutants in drinking waters (Hoigné 1998). The generation of OH radical

process is more complex because it holds through various pathways:

0, + H,0 + hv— H,0, + O, (Eq.1. 16)
H,0,+ hv— 2°0OH (Eq.1.17)
H,0,+20,— 2°0H + 3 0, (Eq.1. 18)

The molar absorption coefficient of ozone at 254 nm (3600 L' mol.". cm™) is largely higher than
that of hydrogen peroxide (18.6 L. mol.". cm™); thus, the photolysis of 0zone does not have the
same limitations as that of the hydrogen peroxide. Mercury UV lamps with low pressure can easily
be used. One of the main disadvantages of the technique is that when there are many pollutants in
the same solution, the reaction is so slow (Fan, Lioy et al. 2003; Reisz, Schmidt et al. 2003; Pera-
Titus, Garcia-Molina et al. 2004; Dominguez, Beltran et al. 2005) that for all practical purposes,
the process is non viable. Alternatives in order to improve the application of ozone for water
refractory pollutants detoxification are promoted by means of combination of ozone with other
oxidant such as (i) H,O, (Safarzadeh-Amiri 2001), (ii) Fe** (Contreras 2001), (iii) Cu(I) (Canton

2003) or (iv) TiO, (Beltran 2005). However, the same as the H,O,/UV process, the O,/UV is
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limited to the artificial UV light applications since ozone does not absorb at wavelengths higher

than 300 nm; thus, the use of sunlight could not be optimal in this process.

The Fenton and photo-Fenton processes

The Fenton reaction was discovered in 1894 by H.J.H. Fenton. In 1934, the Haber-Waiser
postulate revealed the mechanism of the reaction, pointing out the hydroxyl radicals as the
oxidative agent responsible of the degradation of the chemicals (Fenton 1894; Haber and Weiss
1934). Since then, many scientists have tried to elucidate the whole mechanism (Wailling 1975;

Prousek 1995; Sychev and Isak 1995). The Fenton reaction is often modelled as follows:

Mn+ + H,0,— M""* + OH + OH (Eq.1. 19)

Where M is a transition metal as Fe or Cu

Under the optimum pH conditions (pH=2.5 -4), Fe’* is mainly under its form Fe(OH)*" (Faust
and Hoigné 1990; Waite 2002). In absence of light and any other complexing ligand than water,
the decomposition of H,O, leads to the formation of hydroxyl radical *OH and the
hydroxylperoxyl (HO,®/O,) (Gallard H. 2001). Once in solution, the *OH radical can attack the
organic chemicals. The regeneration of iron ion can follow different paths as described in the
following equations (Sychev and Isak 1995).

Fé* + H,0 — Fe(OH* + H*

Fe(OH)* + H,0, ——>Fe’* +'O,H + H" + OFF (Eq.1. 20)
Fe’* + H,0,—— Fe* +'OH + OH "~ (Eq.1. 21)
*OH + H,0, —— HO; + H,0 (Eq.1. 22)
Fe"'+'O,H——Fe” +H" +0, (Eq.1. 23)
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Fe** + HO; ——> Fe™* + HO; (Eq.1. 24)

The iron aqua-complex Fe(OH)*" absorbs UV light in the region 250 < A < 400 nm; thus the
Fenton rate reaction is strongly increased by UV /Visible light irradiation (Zepp, Faust et al. 1992;
Ruppert 1993; Sun 1993; Sarria 2003). The reaction which is referred to as the "photo-Fenton

reaction" is modelled as follow:

Fe(OH)" + v — Fé* + *OH (Eq.1. 25)
Three possible pathways presented in Fig. 1.8 have been recognized for the production of the
hydroxyl radicals during the photo-Fenton process:

V" The direct photo-reduction of the fertic aqua-complex

v" The Fenton reaction

v" The photolysis of hydrogen peroxide

Photo-Fenton

Iron aqua-complex

Fenton ‘OH

Fe?* + H,0,

racicals
Y

Photolysis

H,0,

v
*OH + Pollutant - Intermediates —»- CO, + H,O

Figure 1. 8: Scheme of the chemical reactions occurring in the photo-Fenton process.

Fenton and photo-Fenton processes have been used with great success for the degradation of
several organic and inorganic pollutants including pesticides (Malato, Blanco et al. 1999; Parra,

Malato et al. 2002; Farre et al. 2005), dyes and dyes-precursors (Sarria 2003; Kositzi, Antoniadis et
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al. 2004), plasticizers (Muneer 2001; Mailhot 2002; Xue-Kun Zhao 2004; Li, Zhu et al. 2005) and
various alkanes and alkenes hydrocarbons (Park, Joo et al. 2003; Kasprzyk-Hordern, Andrzejewski
et al. 2004; Burbano 2005) in water.

The main advantage of the photo-Fenton process is the light sensitivity up to 600 nm (35% of the
sunlight spectrum)(Safarzadeh-Amiri, Bolton et al. 1997). The closely contact between the
pollutant and the oxidizing agent and the high penetration of light (in comparison to
heterogeneous photocatalyst) are the important factor of the high effectiveness of the photo-

Fenton process (Fallmann, Krutzler et al. 1999).

1.3.2.3 Factors influencing the effectiveness of the iron photo-assisted processes

Several parameters influencing the degradation rate of the Fenton/photo-Fenton processes have
been studied: iron species and concentration (Minero, Pelizzetti et al. 1996); pH (Scott, William et
al. 1995; Malato, Blanco et al. 2002); initial pollutant concentration (Ruppert 1993; Malato, Blanco
et al. 1999); temperature (Sagawe, Lehnard et al. 2001; Rodriguez, Sarria et al. 2002; Lee, Lee et al.

2003); ratio iron-H,0, (Sarria 2003). Some of these factors are discussed below.

@A) Effect of the reagents ratio (H,0,/Fe’")
An increase in the iron concentration will accelerate the oxidation rate without influencing the
process yield. In the contrary, a rise of the amount of hydrogen peroxide involves an increase in
the effectiveness of degradation without notable influence on the process rate (Parra 2000,
Neyens E. 2003). An optimal degradation can thus be obtained by increasing the concentration of
the two reagents. However, operating in the presence of a great excess of reagents can become a
limiting factor, since the ferrous irons and/or the hydrogen peroxide can behave like hydroxyl
radicals scavengers. For both reagents, the increase of the initial concentration can only be

possible up to an optimum. In the case of iron, the turbidity of the solution increases with an
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excess of iron and this hinders the light absorption. An optimum H,O,/iron ratio of 10-25 has
been proposed by (Tang and Huang 1996). Even if iron is not counted as harmful chemical,
environmental regulations are becoming restrictive on the use of all chemicals because once they
are discharge in the environment, they can react with other chemicals, leading to toxic or harmful
chemicals. In Switzerland for example, the norms of iron in wastewaters at the entrance of a
biological wastewater treatment plant is 20 mg.l.' while the norm for the treated wastewaters
discharging in natural waters is 2 mg.L." (Conseil fédéral Suisse 1998).

The recent promotion of the Fenton catalyst supported on inert material (Gumy, Fernandez-
Ibanez et al. 2005) could be of a great interest for the widespread application of the
Fenton/photo-Fenton processes since this would avoid the limitation of discharging high amount
of iron into natural waters. Also, different possibilities for heterogeneous iron photo-assisted
processes such as the use of zero valent iron, iron oxide and iron load zeolithe for the treatment

of wastewaters have been explored

(i) Influence of the pH
The optimal application of the Fenton/photo-Fenton processes holds at pH between 2.5 and 4
(Gallard H. 1998), with a maximum around 3. At pH below 2.5, three plausible mechanisms
decrease the effectiveness of the processes: (a) the formation of ferrous complex which makes the
Fe** unavailable; (b) the inhibition of the Fenton reaction (Sanz J 2003); (c) the increase at weak
pH of the scavenging role of the hydrogen peroxide for *OH radicals. In the other hand, beyond
pH= 5, the precipitation of iron can also inhibit the reaction (Faust and Hoigné 1990; Ghaly M.

Y. 2001).
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(iii) Influence of the temperature
Few works have yet been carried out in order to evaluate the influence of the temperature on the
Fenton/photo-Fenton processes. While some of these works (Rodriguez, Sarria et al. 2002)
evoked a remarkable increase of the process rate when increasing the temperature up to 70°C,
Rivas et al., 2001 observed that the temperature in the range of 11 to 41°C do not significantly
influence the oxidation of the p - hydro benzoic acid. This can be explained by the fact that at low
temperature, for the initiation of the radicalizing mechanism, only weak energy of activation is

required (Rivas J.F. 2001).

1.4 Obijectives and outlines of the thesis

This research focused on the iron photo-assisted processes, with the aim to contribute to the
comprehension of some physicochemical skills involved on the helio-photo-Fenton process and
the technical rules guiding the scaling up processing from the laboratory to the field's apply
studies. The specific objective is not to reach the complete mineralization of the pollutants within
the photocatalytic process, but to transform the biorecalcitrant pollutants into more
biodegradable by-products which could be mineralized in any of the known biological water
treatment process. Thus, the photochemical treatment of biorecalcitrant pollutants could be
integrated in a new global strategy for the management of the water pollution as illustrated in the

figure below.
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Figure 1. 9: Schematic representation of the suggested wastewater management strategy including

the helio-photochemical treatment

In order to achieve the main goal of this thesis, the following specific tasks were carried:

v" The choice of some pollutants of particular scientific and environmental interest for
model and field studies,

v" The development of a realistic and cost efficient analytical skills for the field studies,

v" The study of the optimal conditions for operating the helio-photo-Fenton process on
a pilot photo-reactor,

v’ The study of applying the photo-Fenton process for the remediation of real
environmental cases of contamination by biorecalcitrant pollutants.

v" The evaluation and modelling of the solar UV radiation in order to design the photo-

remediation processes of water using sun light.
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The model's part of this study was carried out using the Diethylphthalate (DEP) as the main
biorecalcitrant pollutant with a comparison to the photocatalytic degradation of two others
phthalates: the Dimethyl (DMP) and the Diallyl phthalate (DAP). This was followed by two
applied case studies carried out: One in the laboratory on a pyridin polluted wastewater from a
Swiss chemical company and the other explored the use of the direct sunlight at Ouagadougou, in
Burkina Faso, for the destruction of an obsolete stock of the pesticide Endosulfan. Table 1.4
shows the 2d representation and the main characteristics of the chemicals involved in this study.

The field's part study took on in Burkina Faso, a West Africa sahelian landlocked country located
at 12° 20" of latitude North and 1° 40' longitude west. It is located in the moderately favourable
belt for solar energy that gets ca 2500 hours of solar radiation per year. Hence, it is a real place

where solar applications including the detoxification of biorecalcitrant pollutants can take place.
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Table 1. 4: Main characteristics of the chemicals studied

PHTHALATES
O O O
Z
O/ O/\ O/\/
Molecular struct O
olecular structure — ~ X
O o) O
Dimethyl phthalate Diethyl phthalate Diallyl phthalate
Molecular Formula C,,H,,0, C,H,0, C,H,0,
Weight [g.mol '] 194.19 222.24 246.3
Density 1.190 1.118 1.121
Solubility in water [mg.1"] 4000 1080 182
Log Ko 1.6 2.42 3.23
PYRIDIN AND PESTICIDE
ci
Cl o
~N OH N 0
Molecular structure | e
~ cl
N Cl &4
2-Chloro-3-hydroxypyridin ENDOSULFAN
Molecular Formula C.H,CINO C,H,CO,S
Weight [g.mol '] 129.6 406.9
Solubility in water [mg.1"] 13700 0.325
los K 0.97 3.83

Source: (http://www.syrres.com/esc/physdemo.him

The presentation of this work is organized in five chapters. The introductive chapter include a

general view of the water problematic in the world, with a focus on the case of the Burkina Faso

where an important part of this work was carried out. A general background on the specific

AOPs studied in this work is also presented. The second chapter presents an original analytical

method which was developed in the framework of this research in order to follow up model

Siméon Kenfack, PhD Thesis
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studies at the field's pilot scale in Ouagadougou. Chapter 3 focuses on the helio-photo-Fenton
degradation of the diethyl phthalate (DEP), the model chemical pollutant on which optimal
chemical and engineering parameters of the photocatalytical process were investigated. Chapter 4
is regarding an applied case study of the helio-photocatalytical depollution of wastewaters of a
pesticide manufacture in Burkina Faso and finally, the chapter 5, reports the modelling assay of

solar energy in Ouagadougou, the capital city of Burkina Faso.
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