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ABSTRACT

Permanent production and use of organic chemicalsnbiny purposes has resulted in their
introduction and accumulation in the environmenepBnding on their physicochemical
properties they can be transported by differentsifeym the source to very remote regions of
the planet. Many organic chemicals are used incaljure as pesticides for cultures
protection or nutrient. Residues of these chemicats always be found in fields, and under
the effect of precipitations they leach and passtimams and rivers. Pharmaceuticals and
personal health care products and other housertgptitiemicals are continuously introduced
in the environment through municipal wastewatetsese substances exhibit, in most of the
cases, perturbation effects towards the living wigyas, moreover the effect of many of them
is not known yet. Despite their concentration inewas low, the exposure of organisms for
long periods can lead to negative consequencesthase effects cannot be measured
instantly.

In order to reduce or avoid the pollution of wateith chemicals many water treatment
methods has been developed like adsorption of joitsiton adsorbents, membrane filtration,
microbiological treatment, chemical oxidation widRidizing agents and advanced oxidation
processes.

Most of the methods used in waste water treatmiantg(WWTP) do not completely destroy
the organic contaminants or they only separatedmeaminants from water. Then they have
to be deposed somewhere else remaining always entm@it source of contamination.
Advanced oxidation processes and in particularttielelsemical advanced oxidation processes
are methods developed later and are proven as effextive as they can completely oxidize
the organic matter in water.

The subject of this thesis is the use of electnotéie an electrochemical advanced oxidation
process for efficient destruction of organic pdhis in agueous medium. In this method,
organic pollutants are eliminated by hydroxyl radsc(high oxidation power species) which
are produced in situ through the Fenton’s reagehOf + F€&") itself generated in the
solution electrochemically and continuously. Instlprocess, the electrode material is of
fundamental importance in order to have an efficigmocess, so we have studied at large
extent the influence of both cathode and anodemmaébte this work.

Firstly a systematic study on the oxidation capaoitthe process of amoxicillin (AMX) as
model pollutant with several anodes materials: BIPD, DSA, Pb@ Carbon felt, Graphite
and Carbon fibre was realised. In all cases alst@rsteel electrode was used as cathode. The
degradation of AMX was followed by HPLC analysisembas the mineralization efficiency

ot the process was measured by total organic cabalyser (TOC). This revealed that BDD
was the most efficient anode for AMX oxidation dad8A was the weakest one. Carbon felt
showed a characteristic behaviour; it was verycidfit on AMX oxidation but it could not
transform AMX to CQ and HO.

Afterwards four anodes were tested for their inflee2 on electro-Fenton process efficiency
namely Pt, BDD, DSA and Carbon felt, the cathods @alavays carbon felt. Sulfamethazine
(SMT) was used as model pollutant. Apparent ratestamts have given only moderate values



of mineralization for currents lower than 100 mAerE again the BDD anode was
distinguished for its excellent mineralization ceipa owing to the additional hydroxyl
radicals and other oxidizing species introducedhm system. When electro-Fenton applied
good degradation and mineralization results wertioed even with the DSA anode.
Carboxylic acids and inorganic ions released duelegtrolysis were also analysed. Complete
removal of carboxylic acids could be reached witbCBanode, whereas they could still be
measured at the end of treatment in the Pt/Carblbrafd particularly in DSA/Carbon felt
cell. Inorganic ions were almost quantitativelyeased in the BDD/Carbon felt and Pt/Carbon
felt systems but their concentrations in the sotutivere much lower for DSA/Carbon felt
system.

Finally the cell composed of Carbon sponge cathaidieve different porosities, and carbon
felt, stainless steel and platinum anode was siutbe their effect on the electro-Fenton
process efficiency for oxidation of SMT. Kinetic &mwms and TOC measurements
demonstrated that carbon sponge of porosity 45(p@ie per linear inch) was the most
efficient cathode compared to others to be usecl@ttro-Fenton process. Then SMT
oxidation experiments were brought about in thetedéytic cell constituted of the best anode
estimated BDD and carbon sponge 45 ppi cathoderentiee mineralization degree was
remarkable.

As conclusion, the results obtained in this studynged clearly that the cathode material has a
great effect on the efficiency of electro-Fentoagasss, and this process constitute an efficient
method for treatment of organic pollutants in aqseoedium.

Key words. electro-Fenton, anode, cathode, oxidation, hygraadicals, degradation,
mineralization, amoxicillin, sulfamethazine, wateratment.



RESUME

La production ainsi que l'utilisation massive desduits chimiques pour divers usages, a
résulté a leur introduction et accumulation daesironnement. Ces produits peuvent se
transporter par différentes facons de leur sourdesarégions tres lointaines de la planete, ce
qui dépend de leur propriété physico-chimiques. Up@ntité et variété importante de
composeés organiques sont utilisées dans I'agri@itomme pesticides, afin de protéger les
cultures et augmenter les rendements. Les résiduesdproduits peuvent toujours se trouver
dans les champs, puis sous I'effet des précipitatils passent par lixiviation dans les fleuves
et d’autres system aqueux. Les produits pharmapesgiet les produits de soins personnels
sont introduits dans I'environnement de facon curdipar les eaux usés municipales. Ces
substances manifestent, dans la plus part desdeaseffets perturbants sur les organismes
vivants. Malgré leur concentration faible dans desix naturelles, le contact permanent des
organismes aquatiques peut avoir des conséquengatves telles que la modification du
comportement sexuel observé chez les poissonsxdtkauce.

Dans le but de réduire ou éliminer la pollutionnattjue des eaux des nombreuses méthodes
ont vu le jour, telles que: l'adsorption des patitsa sur des adsorbants, la filtration
membranaire, le traitement microbiologique, l'oxida chimique et les procédés
d’oxydation avanceée.

La plus part des méthodes utilisées dans les stat@puration des eaux ne détruisent pas
efficacement les contaminants organiques. L'utilisades méthodes physiques permet de les
séparer de I'eau, ce qui nécessite des opératipEésnentaires pour leur élimination. Au
contraire, les procédés d’oxydation avancée etaeticplier les procédés électrochimiques
d’oxydation avancée (meéthodes développées récemmsenmontrent plus efficace dans
I'élimination des polluants toxiques et non-biod#tables, car ces procédés sont capables a
conduire jusqu’a minéralisation totale de la mati@rganique.

Le sujet de cette thése repose donc sur I'apphicadu procédé électro-Fenton qui est un
procédé électrochimique d’oxydation avancée pour distruction des contaminants

organiques dans l'eau. Cette méthode fait appel raghkcaux hydroxyles (especes tres
oxydantes et extrémement réactives) pour I'élimdmates polluants récalcitrants, qui sont
produit in situ & travers le réactif du Fenton,Qpl + FE"). Ce réactif est généré in situ

électrochimiquement. . Dans ce procédé la natumaatériau de I'électrode a une importance
cruciale. Ainsi nous avons étudié dans ce traviailllence du matériel de I'anode et de la
cathode sur 'efficacité du procédé électro-Fenton.

Dans un premier temps nous avons étudié de masystématique le pouvoir d’oxydation
d’anode comme de différentes matériaux d’anodsqtee : BDD, Pt, DSA, PbQFeutre de
carbone, Graphite et Fibre de carbone dans I'oxyadalte I'antibiotique amoxicilline (AMX).
Dans tous les cas une électrode d’acier inox aitdiéée comme cathode. La dégradation de
AMX a été suivie par l'analyse CLHP alors que lanémalisation de ses solutions par
'analyseur du carbone organique totale (COT)ééisavéré que I'anode BDD a était 'anode
la plus puissante pour l'oxydation de 'AMX tandgue lI'anode DSA a présenté les
performances les plus faibles. D’autre part, lériede carbone a présenté un comportement
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caractéristique; il était tres efficace sur I'oxgida de 'AMX mais ces performances en
minéralisation étaient médiocres.

Dans I'étape suivante, quatre anodes (Pt, BDD, [@8& Feutre de carbone) ont été testées
pour élucider leur influence sur l'efficacité duopédé électro-Fenton, en utilisant toujours
une cathode de feutre de carbone. L'antibiotiquéaswdthazine (SMT) a été choisi comme
polluant modele. Ici encore I'anode BDD a été dmpti€é pour son excellent pouvoir de
minéralisation due a sa capacité de généré unetiguade radicaux hydroxyles tres
importante et d’autres oxydants. Le taux minériisaa été important aussi pour I'anode
DSA Nous avons aussi effectué I'analyse des aaddsoxyliques et des ions inorganiques
libérés durant I'électrolyse. Une destruction tetdés acides carboxyliques a été atteinte avec
'anode BDD. Par contre, dans le cas des anodets PSA on a observé une concentration
résiduelle de ces acides méme en fin du traiten@@mnt aux ions inorganiques, ils ont été
guasiment quantitativement libérés dans les callBIBD/Feutre de carbone et Pt/Feutre de

carbone, ce qui n'était pas le cas de la celluld/B8utre de carbone.

Finalement, nous avons étudié l'efficacité de l'daion du procédé électro-Fenton dans
I'élimination de SMT dans en utilisant I'épongeagbone de différentes porosités. L'analyse
cinétique et les mesures de COT ont montré querasfié de 45 ppi (pore per linear inch)
donne de meilleurs résultats en termes de cinétapalégradation et de l'efficacité de
minéralisation.

En conclusion, les résultats obtenus dans ce tramficlairement montré que la nature du

matériel d’'anode et de cathode a une grande efftusar le procédé électro-Fenton, et que ce
procédé constitue une méthode tres efficace potmaiement des polluants organiques en
milieux agueux.

Mots clés électro-Fenton, anode, cathode, oxydation, radichydroxyles, dégradation,
minéralisation, amoxicilline, sulfamethazine, teaitent des eaux.
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RESUME ETENDU

La présence des produits chimiques dans I'envinmeme et trés évidente et ne cesse
pas a croitre de jour au jour. A l'origine de cettlution il y a I'activité anthropique. Les
besoins humanitaires pour les produits alimentagtesonstruction, immobiliere, de transport
et beaucoup d’autres, étant en croissance perneoentengendré de nouveau sources de
pollution et l'intensification de ceux existant. &&oup de ces substances sont dangereuses.
Une bonne partie de ces substances dangereuseafirsgtément introduites dans les milieux
aguatiques. Parmi les sources de pollution chimdgseeaux on peut citer la décharge directe
d’effluents industrielles et dautres déchets chueis dans des différents sites
environnementales, l'utilisation des produits clyuas tels que pesticides dans I'agriculture,
l'utilisation des médicaments dans la médicine homat vétérinaire ect. L'abondance des
produits chimiques qui s’échappe de ces sourceseaéna la contamination des eaux

superficielles et sous terraines avec de nombrellxgod inorganiques et organiques.

'y a plusieurs polluants organiques persister®RP de différentes classes des
produits chimiques répandu dans I'environnemert tple les hydrocarbures aromatiques
chloré, les polychlorobiphényles (PCB), les diosindes furanes et les pesticides
organochlorés (DDT, lindane, aldrine...) ou triazieés Des polluants organiques persistants
frequemment trouvés dans I'eau sont des phénalesthlorophénols. Ces substances sont
généralement peu solubles dans I'eau et par coasédsl se dispersent dans la matiere solide
et notamment dans la matiére organique du sol.A@Bs sont plus ou moins volatiles et
proviennent dans I'atmosphere des sols, des eals latvégétation, et ensuit sont transportés
par des courants, pouvant étre ainsi amenés aatefohgues distances avant précipitations
sous forme de dépdt sec ou humide (pluie, neigmsiAes POPs ont été détecté méme en
Arctique et aux trés hautes montagnes, aux diffésepays ou les températures basses ont
favorisée la condensation des nuages. Les prégjpisaatmosphériques jouent ainsi un role
tres important dans le transfert des POPs plusieavaux ont montré leur présence dans la

neige des hautes et des basses montagnes.

Les pesticides sont une classe des produits chasiqutilisés largement dans
'agriculture. Par conséquent elles se trouvent dasschamps des plantes cultivé ou elles
sont directement appliqué, ainsi que dans lesreasiet les fleuves, les lacs, les sédiments et
dans les eaux souterraines. Elles y arrivent gaiidtion sous I'effet des précipitations.
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Une autre classe de polluants organiques omnipréses les eaux et les sols sont les
produits pharmaceutiques dont la présence a étéesbwignalée. Leurs sources sont les
effluents de l'industrie pharmaceutique, et desithGp, les déchets municipales, te les fermes

(médicine vétérinaire), etc.

Les composes organique synthétique produites pférentes utilisations ainsi que
leur produits secondaires qui les accompagnentcdegposé résiduelles formés durant les
processus de combustion, etc. ne sont pas destaenshaturels de I'environnement. Donc,
ils sont suspectés de causer un impact négatlfeswironnement. lls peuvent entrer dans la
chaine alimentaire, en particulier les POPs, passani d’'un niveau trophique a un autre. Il a
éte prouve que les POPs sont impliqués dans larpation de I'endocrine chez les poissons
et chez 'Homme. Mis a part des effets sur la rdpotion, de nombreuses POPs sont
suspectés d'étre carcinogenes. Des études sur ikcitdodes pesticides ont révélées que
plusieurs d’eux étaient cancérigenes pour animeewx qui suscite de l'inquiétude pour les
humains. lls sont aussi toxique pour les microoigaes photo trophique, les poissons et les

crustacées, la micro fora, les abeilles, les oiseadbautre organismes non ciblés.

Les médicaments comme une large classe des prathiisques ont été détecté aux
concentrations non tres élevé mais ils sont inftsdwwntinuellement dans les eaux naturelles.
Certain travaux ont été consacré a leur influemncdasvie aquatique. Les médicaments sont
des substances bioactives destinées a combattneidesorganismes pathogenes ; cependant
ils peuvent avoir des effets négatifs non prévus toncentration des produits
pharmaceutiques dans les eaux superficielles agrgément inférieure a celle qui conduirait
a une toxicité aigué des organismes aquatiquesnrigias, des effets métaboliques,
reproductives et d’autres perturbations sur lesamiggnes aquatiques sont possibles dans le

cas d’un contact chronique.

Afin de faire face au probléme de la pollution @&l et son protection, beaucoup
d'efforts ont été fait. Il s’agit des reglementasi@iministratives pour les composées toxiques
et/ou persistants et le développement de méthodémitement des eaux usé avant qu’elles
soient livrées dans le réseau de I'eau naturelédgid I'amélioration considérable de qualité
de l'eau apres traitement dans les stations deemnant des eaux useées, il s’est avéré que
certains polluants chimiques peuvent s’y échappmmnoe par exemple les produits
pharmaceutiques. Face aux a la difficulté des ostatide traitement conventionnels, la
communauté scientifique a fait d'efforts considéatiin de développer des technologies plus
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efficaces. Parmi les procédés développés dansriexte, les procédés d’oxydation avance
(POA) et en particulier les procédés électrochiregjual'oxydation avancée (PEOA) sont
avérés d'étre tres efficaces dans I'élimination midkiants organiques; ils sont capables de

minéraliser quasi-totalement la matiére organiqésgnte dans l'eau.

Ainsi le but des travaux effectués dans le cadrealte thése est de rechercher des
conditions amélioration la performance d'un précétbéctrochimique d’oxydation avancée,
le procédé électro-Fenton (EF). Ce procédé, comares dous les POA, fait appel aux
radicaux hydroxyles’©QH) crée in situ dans la solution sous traitem@&ms radicaux sont
produits par le réactif de Fenton (B + FE€") qui est généré électrochimiquement,Oblest
formé par la réduction bi électronique del@ I'air (comprimé). L'ion ferreux est régénéré a
partir d'une quantité catalytique d'un sel solubdk fer ferrique par réduction mono-
électronique. Les radicaux formés par la réactioimeeces deux réactif (réactif de Fenton)
sont des espéces chimiques tres oxydantes (E° =VZEB®H) et permettent une élimination

efficace des polluants organique de l'eau parttamsformation total ou en G@t H0.

L'efficacité du procédé électro-Fenton dépend fogat des paramétres
expérimentaux dont la nature du matériel d'élearapii exerce un effet crucial sur la
cinétigue d'oxydation/minéralisation de la mati@mganique. Dans ce travail nous avons
étudié le comportement de différents matériauxadianet de cathode lors d'application du
procédeé électro-Fenton a la destruction de deuxposgs pharmaceutiques fréquemment
présentes dans les eaux polluées, la sulfamethi@&hE] et 'amoxicilline [AMX] qui ont été

choisies comme polluants modele.

Ce mémoire de these est constitué de cing chapltmesoduction, suivit par une
discussion générale sur les méthodes couranteaititent des eaux polluées et les procédés
d'oxydation avancée et les procédés électrochimidiogydation avancée (PEOA). Le
deuxieme chapitre décrit le matériel et les teamesganalytiques utilisés lors de la réalisation
de cette thése. Dans le troisieme chapitre, s@septés les résultats obtenus sur I'efficacité
d'abattement d’AMX avec différentes anodes telles glatine (Pt), diamant dopé au bore
(BDD), anode dimensionnellement stable (DSA), diexyle plomb (Pb§), graphite, feutre
(F C)de carbone et fibre de carbone (Fib C). Darguhtrieme et le cinquieme chapitre I'effet
de different matériaux d’anode et de cathode stfidacité du procédé électro-Fenton a été

recherché en prenant la sulfamethazine come polinadel.
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LES METHODES DE TRAITEMENT DES EAUX

On peut regrouper les technologies de traitementd'ehu en deux groupes: les
méthodes non destructives et les méthodes desesactLes méthodes non destructives
permettent de séparer les polluants de I'eau $wmgyer leur nature chimique, c’est-a-dire les
polluants sont transférés d’une phase a une amiteeh conservant leurs propriétés physico-
chimiques. Parmi ces méthodes on peut citer: I'Agtsom, I'extraction, la séparation
membranaire, la distillation etc. Malgré leur edfiité plus ou moins élevée, ces méthodes
n'offrent pas une solution définitive car les palhtis ainsi séparés doivent étre soit enfouis
(une nouvelle pollution), soit traités par une noéi thermique (incinération) ou chimique

(oxydation avanceée).

Les méthodes destructives, contrairement a cellesdastructives, transforment la
matiere organique chimiquement. Pour cela des awgdehimiques comme le chlore ou
l'ozone sont utilisés. Le traitement microbiologigest aussi souvent utilisé dans les stations
d’épuration des eaux. Dans la technologie micragiojue ceux sont les bactéries qui
oxydent la matiére organique an se servant d'@lamse source d’alimentation. La matiere
organique est transformée en £ 8,0 et en biomasse qui précipite au fond du réacteur.
traitement biologique nécessite de log temps et estula minéralisation reste partielle,
notamment lorsqu’il s’agit des molécules réfraesia la biodégradation (POPS) ou toxiques
aux bactéries. L’incinération thermique est effextipour le traitement des solutions
concentrées (concentra de I'osmose inversée oufiiaaien), mais c’est une méthode trés

couteuse et peut émettre des composeés toxiquepueides dioxines.

Les procédés d’oxydation avancée (POAS)

Les POAs et plus récemment les PEOA sont des mé&shcliimiques destructives s
caractérisées par la génération des radicaux hyldsxune espéce chimique extrémement
réactive et trés fortement oxydante. lls peuventder les molécules organiques jusqu’a la
minéralisation totale ou quasi-totale grace a lpatentiel d'oxydation trés élevé (2.80
V/ESH). Les POAs utilisent des réeactifs chimiquas tue TiQ, Oz, H>O, seul ou combiné a
lirradiation UV afin de produire IeOH. Par contre les PEOAs générent ces radicaux soit

directement par I'oxydation de I'eau a la surfac@edanode appropriée, soit indirectement
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dans la solution a partir du réactif de fenton géréectrochimiguement. Un schéma des

POAs est é ci-dessous (Figure 1).

AOP

I [ l I

o Hvdrogen beroxide Electrochemical
e er:)glen.eous Ozonation y bagse d ?AOP advanced oxidatin

el AR processes

TiO,/ UV B 0, ] H,0,/uUV — Anodic oxidation
0,/ uv H,0, / Fe? — Electro-Fenton

0,/H,0,, 05/H,0,/,
0,/Fe?, H,0,/ UV
0,/Fe?*/uV

Fig. 1. Schéma des @dés d’oxydation avance (POA).

Les procédés d’électrochimiques d'oxydation avanc®EOAS)
Oxydation Anodique

La dégradation des polluants organiques se fait daaesellule électrochimique munie
de deux électrodes (anode et cathode) et un digetie support pour assurer la conductivité
électrique. L'application d'un courant électriqmére les deux électrodes a travers la solution
I'évolution de I'oxygéne est d’'une importance patiere. Le mécanisme de la réaction
d’oxydation de I'eau sur anode conduisant a I'éwmhud’oxygene moléculaire dépend de la
nature du matériel de I'anode utilisé. Cela impéigine surtension du dégagement dii
est différente d'une anode a l'autre. Les anod&septant une surtension élevée, comme le
diamant dopé au bore (DDB), permettent la génératies radicaux hydroxyles comme
especes intermédiaires. Dans ce cas les radicamé$osont physisorbés a la surface de
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l'anode, sont quasi-libres (mobiles) et donc teésctives. Une fois générés (Eq. 1) ces
radicaux régissent avec la matiére organigue eyd® jusqu’a sa transformation en £&

M + H,O = M (OH) + H 1)
M(COH) + R—» » > M + CO, + H,0O (2)

M représente la nature de I'anode. La génératiautidis especes oxydantes est aussi possible
sur les anodes de haute surtension dégagementgéoey telles que : OH,0, et SO,
HOCI originaire de I'oxydation de I'électrolyte sugrt. Ces espéces oxydantes participent a

l'oxydation par le biaus de I'oxydation medité ¢ekution).

Quant aux anodes possédant une faible surtensidégigement d'Qelles présentent
généralement un faible pouvoir d'oxydation. Lesdmso DSA (Ru@IrO, dans ce travail) et
Pt font partie de ce type d'anodes. La structueet@nique d’iridium permet les états

d’oxydation plus élevé lorsqu’il est soumis au i tres positif (Egs. 3 — 5):

M + H,O = MO,(OH) + H + € (3)
MO,(OH) » MO+ H + € (4)
MOy+1 = MOy + %2 Q(g) (5)

Ensuite, 'oxyde de métal formé peut oxyder leséunoles organiques, mais celle-ci est une
réaction beaucoup plus lente que celle avec [OMI. La réaction (5) devient dominante aux

potentiels tres positif, ce qui améne a la pertéahergie.

Electro-Fenton

C’est une méthode électrochimique indirecte palrditement des polluants organiques
en milieu aqueux. La base de la technologie éldetrdon est la chimie du réactif du Fenton
(H,0, + FE™). Ce réactif fut utilisé pour la premiére fois par).H. Fenton en 1894 pour
oxyder l'acide tartrique. Mais cette réaction nta étilisée dans le traitement de l'eau
gu'environ un siécle aprés sa premiere mise ericapiph. Les radicaux hydroxyleSOH)
ainsi formé (Eq. 6) en milieu homogéene s'attaguaninatiere organique conduisant a sa

minéralisation (Eq. 7):
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H,O, + F€" - Fe&* +'OH + OH (6)
R +'OH——— CO, + H,0 (7)

L'utilisation du réactif de Fenton ¢, + F€) est beaucoup moins efficace comparée
a I'électro-Fenton, car la régénération du cataly$e" est trés lente. D'autre part, les acides
carboxyligues formés lors d'oxydation de la mati@rganique forme des complexes avec
l'ion ferrique contribuant donc a 'empéchementsta régénération en £ece qui aboutit
au ralentissement de la production d@bl et donc de dégradation de polluants organiques.
Le fer est aussi perdu par la précipitation souméod'hydroxyde ferrique (formation de
boues de process). Contrairement du procédé Feaams, I'électro-Fenton @, est produit
électrochimiguement a la cathode (Eq. 8):

O, + 2H" + 2¢ - H>O (8)

L’oxygéne est fourni a la solution par le bullage l@ér comprimé. Quant aux ions £e
(catalyseur), ils sont ajoutés initialement a luon en trés petite quantité (catalytique) et

ensuite sont régénérés électrochimiquement (Eq. 9):
Fe* +e - F&* (9)

Ainsi, le réactif de Fenton, et par conséquentréaicaux hydroxyles sont produits
continuellement dans le systéme et attaquent ldsignbs organiques conduisant a leur
oxydation jusqu'a la minéralisation. La généragfficace de HO, et la régénération de e
évite les inconvénients du systéme Fenton telsngutinétigue de dégradation rapide,
élimination des réactions parasitiques et empéchedela formation de boues d'hydroxyde
ferrique, ce qui fait I'électro-Fenton largementugplperformant que le procédé de Fenton
chimique. Ainsi le procédé électro-Fenton constituae technologie remarquable pour la
destruction des micropolluants organiques en mamueux.

Le procédé électro-Fenton est influencé par dedittons expérimentales telle que : le pH, la
concentration du catalyseur, la température, Fisii® du courant et le matériel de I'électrode.
La valeur optimale du pH pour ce procédé est 2.goncentration du catalyseur 0.1-0.2
mM. La vitesse de la réaction de Fenton augmert Bveempérature mais au-dela de 35-40
°C la réaction parasitiqgue de la décomposition d€©,Hest accélérée. Le matériel de
I'électrode est d’'une importance fondamental. R&agt diamant dopé au bore sont les anodes

couramment utilisées ainsi que feutre de carboathode a diffusion de I'©etc comme
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cathode. Dans ce travail une étude comparativéeffetldu matériel d'électrode (anode et
cathode) sur l'efficacité du procédé électro-Femt@é réalisée. Les résultats obtenus seront

présentés ci-dessous.

Tableau 1. Les constantes apparentes de l'oxydatidA\MX par les radicaux
hydroxyles produits par I'oxydation anodique enctan de lintensité de courant appliquée

et du matériel de I'anode utilisé.

Anode DDB Pt DSA PbQ Graph FC Fib C
I (mA) lepp (Min)

50 0.02 0.02 .00D6 0.02 0.01 0.05 0.02

100 0.03 0.03 0GB 0.03 0.01 0.08 0.02

300 0.06 0.04 003 0.05 0.02 0.2 0.03

500 0.11 0.03 00B 0.04 0.02 0.09 0.02

L'influence du matériel de l'anode sur I'oxydation anodique de I'amoxicilline
(AMX)

Sept différentes anodes ont été étudiées afin dgarer leur pouvoir oxydant pour
dégrader I'AMX. Pour cela nous avons effectué legpéeences de dégradation (la
transformation simple de la molécule en sous-ptadieiid'oxydation) et de minéralisation de
la solution agueuse d'’AMX. La cinétique de dégiladabxydante d’AMX a été suivie par la
chromatographie liquide a haute performance (HPB®)s que sa minéralisation a été suivie
par les mesures du carbone organique totale (C@m)esu dans la solution, avec un

analyser TOC.

Les constantes apparentespgkde la réaction de l'oxydation de I'AMX avec leslicaux
hydroxyles obtenues par analyse cinétique des esutlbxydation avec différents courants
appligués sont présentées dans la Tableau 1. Lgérierces ont été réalisées dans les
conditions suivantes: [AMX] = 0.1 mM, [N&8Q;] = 50 mM, V = 250 ml. La cathode était en
acier inoxydable de surface égale a celle de lar{@d cnj). Vu les valeurs des constantes
apparentes on constante que la vitesse d’oxydatidMX augmente avec l'intensité du
courant, mais leurs valeurs varies beaucoup d'umgle a I'autre. On observe que l'anode

DSA est celle la moins efficace pour la dégradatigsMX suivit par le graphite et les fibres
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de carbone. Les valeurs degppour Pt et Pb@sont entre celles pour fibre de carbone, feutre
de carbone et DDB, cette derniére étant la plukbpeante notamment pour les courants
élevés. On peut observer un comportement caraajéeasdu feutre de carbone; il manifeste
une capacité d'oxydation plus élevée que les aatredes en carbone tel que le graphite et
fibres de carbone. Cela peut étre expliqué parudgace spécifique qui est largement plus
grande que les autres anodes, puisqu'il s'agit aiatériau poreux trois dimensionnel. .
Néanmoins les valeurs dgpkchutent rapidement pour le courant 500 mA a calesea
combustion. Par contre dans le cas de DDB la valeug,, devient la plus importante pour

I'intensité du courant de 500 mA.

Le tableau 2 résume l'efficacité de minéralisatiuime solution aqueuse de 'AMX

pour les différentes anodes.

Tableau 2. Taux de minéralisation de 250 ml d’AMXfenction de l'intensité de
courant et du matériel d'anode apres le temps aiéetment de 6 h.

Anode BDD Pt DSA PbQ Graph FC Fib C
I (mA) TOC removal (%)

300 86.9 29.8 9.7 62.5 0

500 92.2 41.3 8L3. 81.2 0

1000 96.3 47.4 22.0 90.6 0 0

Les taux de minéralisation les plus élevés somirdéls avec l'anode DDB suivit par
PbQ, Pt et DSA. Le graphite qui présentait un pouwiydant élevé, conduit aux taux de
minéralisation faible au faibles courants (43 23%6 pour les courants 150 et 50 mA) et il
devient incapable de minéraliser AMX pour des cotgaupérieur a 150 mA puisqu'il est
endommagé aux courants élevés. Il faut noter qugrdghite donne des résultats de
minéralisation comparables a celui e platine eérdégent mieux que le DSA aux faibles
courants. La fibre de carbone et le feutre de celsmnt endommagés (combustion) méme

aux faibles courants en donnant un couleur narsolution.

Contrairement ses bons résultats a I'oxydatiorieuére de carbone ne peut pas étre
utilisé pour la minéralisation car il s‘'oxyde méraex faibles courants sur les temps de

traitement prolongés. En revanche, avec DDB des tluminéralisation de 86.9, 92.2 et
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96.3% ont été atteintes pour les courants de 300, 601000 mA. Une efficacité de
minéralisation aussi élevée de DDB est due a laystazh intense des radicaux hydroxyles
grace a son surtension de dégagement tf&3 élevée. Les radicaux hydroxyles se forment
aussi a la surface de Pt, P& DSA mais en quantités beaucoup moins impoiaiie plus

ils sont chemisorbés, donc moins disponibles. L@égdion des autres especes oxydantes :

S,04%, O3, H,0,, joue aussi un role important dans le cas d'andd@.D

L’effet du matériel de I'anode sur le procédé éleco-Fenton

Afin d’estimer I'effet du matériel de I'anode s procédé électro-Fenton des expériences de
dégradation et de minéralisation de SMT ont ét@&céfites. Puis lI'analyse des acides
carboxyliques et des ions minérales provenant é&sdatomes présents da la molécule de
SMT a aussi été effectuée. Les conditions expéraenetaient comme suivants: [SMT] =
0.2 mM, [Fé"] = 0.2 mM, V = 300 ml, pH = 3. La surface des amété 2 x 24 cmalors

gue la cathode été toujours un feutre de carboee ks dimensions 23 x 6 x 0.5 cm. Les
échantillons de SMT électrolysé ont été analysasHiLC. L'enlevement du COT de la
solution traitée a été suivi par mesures de CO$.dakdes carboxyliques ont été analysés par

la chromatographie de I'exclusion et les ions mang&rpar la chromatographie ionique.

Les constantes apparentes de d'oxydation de SMTepaadicaux hydroxyles sont

pour les différents systémes électrolytiques samdalans le Tableau 3.

Tableau 3. Les constantes apparentes de dégrada#isSMT lors de traitement

électro-Fenton en fonction de l'intensité du courappliqué et du matériel de I'anode.

Cellule Pt DSA DDB FC
| (MA) ags/ min™

50 0.08 0.06 0.07 0.22
100 0.15 0.09 0.12 0.31
200 0.19 0.14 0.18 0.37
300 0.27 0.20 0.24 0.44
400 0.37 0.27 0.27 0.43
500 0.40 0.27 0.25 0.43
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Tableau. 4. Les constantes apparentes de |'oxyda@oSMT par radicaux hydroxyles

produits par I'oxydation anodique, en fonction daténsité de courant et du matériel de

'anode.
Cellule Pt DSA DDB FC
I (mA) alf
100 0.02 0.01 0.02 0.22
500 0.04 0.02 0.06 0.29

La vitesse de dégradation de SMT augmente aveoueait appliqué dans toutes les
cellules électrolytiques. Lorsque le courant augeémproduction de D, et la régénération
de Fé" sont plus rapides et par conséquence la dégraddgiGMT aussi. Cette amélioration
de la dégradation est jusqu’a une valeur de I'sitérde courant optimale 400 mA, au-dela de
cette valeur la vitesse de dégradation ces dererdiiette limite du courant est due aux
réactions parasitiques telles que le dégagemeliDdsur anode et le dégagement de, I&dr
cathode, qui s’accélérent aux courants élevéschestantes apparentes (Tableau 3) calculées
a partir de courbes [SMT] = f(t) qui correspondantne cinétique de pseudo-premiere ordre,
montre une différence Iégére entre les anodeségts, mise a part le feutre de carbone. Dans
le Tableau 4 sont montré lespkpour I'oxydation anodique, c’est-a-dire en absedaoe
catalyseur F&. On peut remarquer clairement la grande différesmtiee électro-Fenton et
'oxydation anodique. La dégradation de SMT estameént plus rapide avec électro-Fenton
grace aux radicaux hydroxyles générés par la @racke Fenton (en plus ceux générés a la
surface d'onde). Lesydg obtenues avec le feutre de carbone sont nettephegrandes que
celles obtenues avec les anodes Pt, DDB, et DSAs acas de DDB/Feutre de carbone la
dégradation du SMT est légerement plus lente quellale Pt/Feutre de carbone. Le DDB
étant une anode a grand pouvoir d'oxydation, iBgémles 8s”, qui vont oxyder le Fé en
Fe’* (Eq. 10) diminuant ainsi [F§ et par conséquent la vitesse de production ddisanax

hydroxyles.
S04 + Fér - 2507 + Fe* (10)

Finalement une dégradation similaire de SMT darssdiférentes cellules (anodes) est due
au fait que la dégradation de SMT par les radichydroxyles provenant de la réaction

électro-Fenton est dominante par rapport a la ibariton de I'oxydation anodique.
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Les kypp pour le feutre de carbone sont remarquables, stlesbeaucoup plus grandes

gue les trois autres anodes, grace a sa largesurtas dimensionnelle.

Les expériences de minéralisation ont été effestaix mémes conditions que celles

de la dégradation. Les pourcentages d’abatteme@Qiusont présentés dans le Tableau 5.

Tableau 5. L’abattement du COT en fonction de dsité du courant et du matériel

d'anode lors de minéralisation d'une solution 8&TSar procédé électro-Fenton.

Cellule Pt DSA BDD CF

I (mA) % d'atemhent de COT a 2h / 6h | (mA) %COT (2h/6h)
100 35.5/69.6 25.5562. 57.2/91.9 50 368862

300 55.9/83.9 34.1/71.1 76.4/96.8 100 42012

500 71.5/90.3 41.9/76.1 84.7/97.9

700 61.4/81.7 14.8/75.2 88.2/97.2

1000 54.7/75.8 26.3/46.1 90.1/98.5

Tableau 6. L'abattement du COT en fonction dedisité du courant appliqué et du

matériel de I'électrode (oxydation anodique).

Cellule Pt DSA DDB FC

I (mA) % d'abattemhee COT a 2h/6h

100 12.5/15.8 5.2/8.3  48.7/88.1 0/0
500 25.7/36.8 9.6/10.8  69.4/94.6 0/0
1000 24.0/41.4 9.8/9.8 80.9/97.4 0/0

Les résultats sur la minéralisation mettent en éddeun comportement tres different
comparé aux résultats de dégradation. Si I'efftéade dégradation était similaire pour Pt,
DDB et DSA, une différence évidente apparait daes chs de minéralisation. La
minéralisation de SMT augmente avec le courantyasgne valeur limite qui n’est pas la
méme pour toutes les anodes. Dans les configurafittRsutre de carbone et DSA/Feutre de
carbone cette limite est de 500 mA. On peut voisiagae dans le cas de DSA/Feutre de
carbone I'abattement du COT avec 300 et 500 mArestproche I'un de l'autre, ce qui veux

21



dire qu’a partir de 300 mA les réactions parasii@gennent important. Pour 700 et 1000 mA
la minéralisation est méme plus faible que pourr®@0dans les cellules Pt/Feutre de carbone
et DSA/Feutre de carbone a cause de ralentissadedatproduction du réactif du Fenton sur
cathode, mais aussi a cause de inhibition de l'atigd anodique de SMT. Le meilleur
abattement de COT est obtenu avec I'anode DDBaue tI'abattement atteigne quasiment
100% au bout de 6 h de traitement. Dans le systBi®/Eeutre de carbone, il y a deux source
de radicaux hydroxyles: Ie©H qui se forment par la réaction de Fenton darseie de la
solution et ceux qui se forment sur la surface 'daode amenant a une efficacité de
minéralisation remarquable. Il est important deerpie la limite du courant optimale pour le
DDB n’est pas a 500 mA, comme le tableau 5 le neolatrminéralisation peut étre effectué
efficacement jusqu’a 1000 mA. Le DDB ayant unetbaurtension de dégagement ¢1@
formation desOH est favorisée. Dans le cas de Pt et particalient DSA lesOH peuvent
oxyder le métal a I'état d’'oxydation plus éleve fermant un oxyde. L'oxyde de son tour
libére I'O, ou il réagit faiblement avec les molécules orgamsgau potentiel moins élevé.
Néanmoins au-dela de 500 mA, 'augmentation deatt@ment du COT avec augmentation
du courant devienne plus faible méme avec DDB, wentet en évidence le fait que le

dégagement d’@constitue toujours un obstacle important.

En comparant la minéralisation électro-Fenton awegaation anodique il est facile de
conclure électro-Fenton est une procédé largeniastgificace quand il s’agit des systemes
Pt/Feutre de carbone et DSA/Feutre de carbone. Bamss du system DDB/Feutre du
carbone la différence est moins importante, cetdogdnlement a cause de I'exclusion d’'une

guantité du catalyseur du system électro-Fentci méntionné.

L’analyse des acides carboxyliques montre aussiperiorité de DDB sur Pt et DSA.
Durant [|'électrolyse les acides carboxyliques ide&® etaient les acides: oxalique,
glyoxylique, pyruvigue et formique. A la fin de leetrolyse tous les acides carboxyliques
sont détruits. Dans la cellule Pt/Feutre de carbesecides carboxyliques identifiés étaient:
les acides oxalique, glyoxylique, formique, fumadgumaléique et acétique. A la fin de
traitement il reste encore de I'acide oxaliquecetique dans la solution. Quant a la cellule
DSA/Feutre de carbone, les acides carboxyliquestifds étaient : oxalique, glyoxylique,
formique, maléique, malonique, oxamique et tartjoai A la fin du traitement, il reste

toujours des acides oxalique, formique, glyoxyliga@xamique en quantité résiduelle.
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Puisque la SMT contient les atomes N et S darsreature, leur libération dans la
solution sous forme d'ions inorganiques ;NMH,* et SQ* est attendue. Dans le cas de
l'anode Pt, I'analyse par chromatographie ioniquster que 90.2% de I'azote contenu dans
la molécule initiale est libéré en forme de {N@najoritairement) et Ni, alors que S§" est
completement libéré dans les premier 30 min dietrent. La concentration des ions N&t
NH;" est plus bas avec 'anode DSA, 62% de l'azoteileétée sous forme de nitrate et
ammonium. Une partie de l'azote est probablemermtugesous forme des produits gazeux.
En revanche 96.7% de I'azote initial est libérérguBDD été utilisé comme anode, la somme
des ions de nitrate et d’ammonium libérée, estiqeat égale a la totalité de I'azote présent

dans la molécule. Quant & $Ql est quantitativement libéré dans la solution.

Influence du matériel de a cathode sur I'efficacitéu procédé électro-Fenton

Afin d’étudier I'effet du matériau de cathode ser procédé électro-Fenton, nous avons
effectué des expériences de dégradation de SMTuwlensellule d'électrolyse de 250 ml. Les
cathodes testées sont : éponge de carbone deediffporosité, feutre de carbone et acier
inoxydable de dimensions 6 x 3.5 cm. L’anode étgotars le platine. Le pH de la solution a
éte ajusté a 3, la solution a été constammenteagitbarbotée par I'air comprimé tout au long
de I'électrolyse. Les échantillons préleves augrirtlles réguliers de temps été analysé par
HPLC et TOC.

La production de kD, constitue un paramétre d'efficacité d'une cathopoler le procédé
d'électro-Fenton. Pour cela le dosage d©Hest effectué pour les cathodes : éponge de
carbone 45 ppi, éponge de carbone 80 ppi, feutcadmne et acier inoxydable en prenant le
platine comme anode. Les courants appliqué ont &p¢ 100, 200, 300, 400, 500 mA. La
solution a électrolyser contenait de I'eau purecaéd@ mM de I'électrolyte de support au pH 3

sous le barbotage permanent de I'air comprimé.

Pour les courants de 50-200 mA, la concentratioximmgle est atteinte au bout de 40
mins dans la cellule Pt/ éponge de carbone 45(site concentration a été 3.5 mM pour 100
mA, ce qui représente la valeur la plus élevéeodesants appliqués. La concentration de
H,O, augmente avec le courant jusqu’a 100 mA puisddlgent de plus en plus faible avec
laugmentation du courant appliqué. Au courant8@@ 400 et 500 mA la concentration de

H.O; arrive a son niveau maximale tres rapidement (a d® 10 minutes).
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Le méme comportement est observé pour les auttiesdss aussi la valeur maximale
de la production de #D, est obtenue avec 100 mA et se détériore au-detettke limite. La
concentration maximale avec éponge de carbone dapB@ést 2.5 mM, quant a feutre de
carbone le maximum de la concentration g&Hest 1.2 mM. La cellule Pt/acier inoxydable
produit une concentration maximale dgd4 de seulement 0.04 mM avec des courants de 50
et 100 mA. Les résultats obtenus pour le dosagé,@e sont bien cohérent avec les résultats
obtenus pour I'oxydation et la minéralisation deTSNMes cathodes pouvant produire une
concentration élevée de,®, permettent aussi un abattement efficace de SMdstlhussi a
noter que méme si 'accumulation ded4 est maximum au 100 mA la vitesse de dégradation
de SMT augmente avec le courant jusqu’a 300 mMa Gaxpligue avec le fait qu'en
présence de SMT et l'ion ferreux, le®4 formé est immédiatement consommé par la réaction

de Fenton sans avoir le temps de se détruire paé#etions parasites.

Tableau 7 montre les valeurs dgglde la réaction d'oxydation de SMT par 1€d4
pour les cathodes étudiées. Ces valeurs sont éafcubujours a partir des droites semi-
logarithmiques In (gC;) = f (t). Les valeurs dejf, révelent que la dégradation de SMT est la
plus rapides avec I'éponge de carbone, en pasicaliec I'éponge de carbone de porosité 45
ppi. On peut voir aussi que les plus basses vakessl,, pour I'éponge de carbone sont
nettement plus élevées de celle obtenues avecuteefee carbone et notamment celles

obtenues avec acier inoxydable.

Tableau 7. Constantes apparentes de dégradatio®Me& abstenu avec différentes

cathodes.

Cell. EC 30 ppi EC 45 ppi CEO ppi EC 80 ppi EC100ppi CF Ac Inox

| (mA) Kapp/min™

50 0.11 0.19 0.19 0.19 0.19 0.06 0.03
100 0.22 0.34 0.28 0.28 0.29 0.07 0.04
200 0.36 0.49 0.43 0.42 0.38 0.14 0.06
300 0.41 0.60 0.50 0.43 0.39 0.16 0.07
400 0.43 0.61 0.48 0.41 0.37 0.11 0.07
500 0.37 0.57 0.38 0.33 0.31 0.09 0.06
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On peut expliquer les grandes valeurs dgsgdour I'éponge de carbone avec sa large surface
grace a sa porosité qui permet une productioniptesse du réactif du Fenton. Le feutre de
carbone est aussi une cathode trois dimensioneeliges poreuse, et donc avec grande
surface mais sa capacité de dégrader le SMT eatbe plus faible que celle d’éponge de
carbone. Le feutre de carbone est un matériastndisle et beaucoup plus dense que I'éponge
de carbone, ce qui défavorise la circulation dsolation dans le sein de la cathode, donc le
transport de masse de p@t Fé" est entravé. Tandis que I'éponge de carbone estsmo
dense et tres rigide permettant un transport desenglsis favorable. De méme facon, on peut
expliquer les différences entre les éponges deooarke différente porosité. Quant a I'acier
inoxydable il a une surface spécifique comparateetrtres petite, donc la production du

réactif du Fenton y est tres faible.

Les pourcentages de I'abattement du COT de laisol®@MT sont présentés dans le

tableau 8.

Tableau 8. Les pourcentages de I'abattement de &0fbnction de curant et de matériau de

cathode.

Cell. EC30ppi EC45ppi EC 60 ppECS80 ppi EC 100 ppi FC Ac Inox
| (mA) % d'almattent de COT a8 h

50 46.5 63.4 2.6 54.8 54.1 43.4 20.9
100 67.7 76.6 34 69.7 69.7 49.7 29.9
300 80.2 91.1 N1 83.9 82.6 55.6 37.2
500 79.5 90.1 .83 83.3 80.7 56.6 41.2

L’'abattement du COT suit le méme ordre que I'oxgaatla cathode la plus performante est
'éponge de carbone 45 ppi dont I'abattement de €8M1,1% avec le courant de 300 mA.
Cette valeur est la limite du courant optimale. besres porosités de I'éponge de carbone
présentent aussi de tres bonnes efficacités deralisation. Tandis que le feutre de carbone
est moins efficace. L'acier inoxydable est nettemkentcathode la moins efficace pour
l'abattement du COT.

Finalement aprés avoir identifié 'éponge de carboome la meilleure cathode pour
le procédé électro-Fenton, nous avons réalisé xj@&riences avec cette cathode en utilisant

le DDB comme la meilleure anode déja constaté.exgpgriences ont été effectuées dans les
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mémes conditions que celles réalisées pour mebeiferacité des cathodes. Les constantes

apparentes et les pourcentages d’abattement dusc@donnés dans le tableau 9.

Tableau 9. Valeurs des constantes apparentgg) @t les pourcentages d'abattement

de COT obtenus avec la cellule DBB/Eponge de carlddnppi.

| (MA) Kop/min ™ Enlevement %COT t a6 h
50 0.12 7.7

100 0.21 82.6

200 03% -

300 0.38 95

400 036 0 -

500 0.35 98

La vitesse de dégradation de SMT augmente avemueast jusqu'a 300 mA, grace a
'accélération de la réaction du Fenton, puis dilminue, indiquant la limite du courant
optimale. En comparant les,gk obtenus avec DDB/Eponge de carbone 45 ppi on peut
conclure qu’elles sont plus faibles que celles s avec le systeme Pt/Eponge de carbone
45 ppi et nettement plus élevées que lgsdbtenues avec les cellules Pt/Acier inoxydable et
Pt/Feutre de carbone. Contrairement la minératisaist beaucoup plus efficace avec la
cellule DDB/éponge de carbone, ce qui s’expliquer pas radicaux hydroxyles

supplémentaires provenant de la surface de I'aD@d&par oxydation de I'eau.
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PERMBLEDHJE

Prezenca e substancave kimike né ambient éshtééshuiaiente dhe ka njé rritje té
pandérpreré si rezultat i aktiviteteve antropogjehevojat e njerézve pér produkte
ushgimore, té banimit, té transportit e té tjer&edgené gjithmoné né rritje kané dérguar né
formimin e burimeve té reja té ndotjes si dhe nérisifikimin e emitimit t& kemikaljeve nga
ato ekzistuese. Shumé nga kéto substanca jamézikshme dhe njé numér i madh i tyre
futen direkt né mjediset ujore. Nga burimet kimigendotjes mund té pérmendim: shkarkimin
direkt té mbetjeve kimike industriale dhe té ll@gevé tjera né hapésirat e ambientit,
pérdorimin e produkteve kimike té tilla si pewtet né agrikulturé, pérdorimin e
medikamenteve né mjekési dhe veterinari etj. Siojga® sasive té médha té kétyre
substancave gé rrjedhin nga kéto burime té nddgesardhur deri te kontaminimi me

substanca kimike inorganike dhe organike té ujésip@rfagésor dhe néntokésor.

Ekzistojné njé numér i madh i ndotésve organikstent (NOR) gé rrjedhin nga disa
klasa komponimesh kimike té€ shpérndaré né ambiértillé si: hidrokarburet aromatike té
kloruara, poliklorobifenilet (PCB), dioksinat, furaet dhe pesticidet e kloruara (DDT, lindani,
aldrini,...) apo triazinat etj. Si ndotés orgargkzistent gé shpesh gjenden né ujéra jané fenolet
dhe fenolet e kloruara. Kéto substanca jané pBégjisht pak té tretshme né ujé dhe si pasojé
shpérndahen né materien e ngurté e vecanérishiate¥yiem organike té dheut. NOR-té jané
pak a shumé té avullueshém dhe nga toka, uji dnétbimund té kalojné né atmosferé prej
nga barten me rrymat e ajrit deri né distanca shtémlérgéta dhe pastaj bien né toké nén
veprimin e reshjeve atmosferike. Késhtu gé NORx& jgjetur madje edhe né Antarktik dhe
né male té larta, né vende té ndryshme ku tempatauwilta kané favorizuar kondensimin e
mjegullave. Késhtu reshjet atmosferike luajné wjEshumé té réndésishém né transportin e
NOR-ve, gjé gé éshté vértetuar nga shumé hulumsiieencore té cilat tregojné pér
prezencén e tyre né borén e maleve té larta dhieaté

Pesticidet jané njé klasé e komponimeve kimikg@@éloren gjerésisht né agrikulturé
dhe si pasojé gjenden gjithandej né fushat me kubimore ku jané pérdorur pér trajtimin e
biméve, né lumenj, ligene, sedimente dhe ujéraokésbr ku arriné si pasojé e shpérlarjes

nén veprimin e té reshurave.
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Njé klasé tjetér e ndotésve organik té zakonsh&myéra dhe toké paragesin produktet
farmaceutike, prania e té cilave éshté raportupesh Burim i tyre jané mbetjet e industrisé
farmaceutike, spitalet, ujérat e zeza si dhe feersditazéve, et;.

Komponimet organike sintetike gé prodhohen pélimél té caktuara ashtu si dhe
produktet sekondare gé i shogérojné ato, mespretiektormuara gjaté proceseve té djegies
etj, nuk jané pérbérés natyror té mjedisit késlétyptet té kené njé efekt negativ mbi té. Ato
mund té futen né zingjirin ushgimor, né vecanti N@Rduke kaluar nga njé nivel trofik né
tietrin. Né fakt éshté vértetuar qé NOR-té jané@mglikuara né crregullimet e gjéndrrave
endokrine te peshgit dhe te njeriu. Pastaj, pokt&fe té tyre mbi procesin e reprodukimit
shumé NOR dyshohen té jené kancerogjene. Disanséudtibi toksicitetin e pesticideve kané
zbuluar gé shumé prej tyre jané kancerogjene pshé&g gjé qé éshté shgetésuese edhe pér
njerézit. Ato jané poashtu toksike edhe pér milkgaaizmat fototrofik: peshqit, mikroflora,

bletét, zogjét dhe organizma té tjeré gé nuk jahéi tyre.

Medikamentet si klasé shumé e gjeré e komponirkeuéke jané gjetur né ujéra né
pérgéndrime jo shumé té larta por ato futen néaupér ményré permanente, késhtu gé njé
numér i konsiderueshém punimesh u éshté kushtyae. avledikamentet jané substanca
bioaktive té destinuara pér t'i luftuar mikroorgamiat patogjen, megjithaté ato mund té kené
efekte negative té papritura. Pérgéndrimi i sulzste@ farmaceutike né ujéra sipérfagésor
zakonisht éshté nén pérgéndrimin i cili do té shixaie helmimin akut té organizmave ujoré.
Megjithaté efektet metabolike, té riprodhimit etggra, jané té mundshém mbi organizmat

ujoré né rast té ekspozimit kronik té tyre.

Me qgéllim té pérballimit t& problemit té ndotjes it si dhe mbrojtjes sé tij, jané béré
shumé pérpjekje, duke pérfshiré rregullime admiaiste pér komponimet toksike dhe/ose
rezistente dhe zhvillimin e metodave té trajtinditujérave hedhuriné para se ato té hidhen né
rrjetin e ujérave natyror. Por pérkundér pérmirésienkonsiderueshém té kualitetit té ujit pas
trajtimit né stacione té trajtimit té ujrave hedhéyr éshté vérejtur gé disa ndotés kimik si pér
shembull produktet farmaceutike, mund té kalojnéppauar transformim ose si pjesérisht
transformuara. Duke paré kéto véshtirési apo ténéetrajtimit klasik, komuniteti shkencor
ka béré pérpjekje té konsiderueshme me géllim wédlihit té teknologjive mé efikase. Mes
metodave té zhvilluara né kété kontekst, metodaksdimit té avancuar t&€ (MOA) dhe

vecanérisht metodat elektrokimike té oksidimit #arecuar (MEOA) jané shumé efikase né
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eliminimin e ndotésve organik; ato mund té mine@hé pothuajse plotésisht materiet

organike gé gjenden né ujé.

Késhtu gé punimet e realizuara né kété temé téoduks kané pér géllim gjetjen e
kushteve optimale té veprimit t& njé metode elekintke té oksidimit t&é avancuar, metodés
elektro-Fenton (EF). Kjo metodé, ashtu si edhe jithag MOA-té e tjera, bazohet né
reaktivitetin e larté té radikaleve hidroksil®H) té formuara in situ né tretésirén gé trajtohet.
Kéto radikale pérfitohen nga reaktivi i Fentoni,O, + F&%) i cili prodhohet
elektrokimikisht: HO, formohet né katodé nga reduktimi elektrokimik @& futet né
tretésiré pérmes ajrit t&¢ komprimuar. Joni ferigyenerohet né katodé nga joni ferrik i shtuar
né sasi katalitike né formé té njé kripe té tretshiénhekurit hekurit. Radikalet e formuara nga
reaksioni i kétyre dy reagjentéve (reagjenti i Beit) jané specie kimike me veti shumé
oksiduese (E° = 2.80 V/ESH) dhe mundésojné elemimeafikas t& ndotésve organik nga uji

duke i transformuar ata né @he HO.

Efikasiteti i procesit elektro-Fenton varet shumga parametrat eksperimental si:
natyra e materialit té elektrodés & ka réndésiméere né kinetikén e
oksidimit/mineralizimit t& materieve organike. Nét&kéulumtim kemi studiuar sjelljen e
materialeve té ndryshme té anodés dhe katodés apéitémit t& metodés elektro-Fenton né
shkatrrimin e dy komponimeve farmaceutike qé gjenddpesh né ujérat e ndotura,

Sulfametazina (SMT) dhe amoksicilina (AMX), té tijéné zgjedhur si ndotés model.

Kjo temé e doktoratés pérbéhet nga pesé kapiug,hgé pasohet nga njé diskutim i
pérgjithshém mbi metodat gé aplikohen né trajtiminjrave té€ ndotura, proceset e oksidimit
té avancuar (POA) dhe proceset elektrokimike tédakgt t€ avancuar (PEOA). Né kapitullin
e dyté pérshkruhen materiali dhe teknikat analitiéepérdorura gjaté kétij hulumtimi.
Kapitulli i treté pérshkruan rezultatet e fituardirefikasitetin e shkatérrimit t&¢ AMX me ané
té anodave té ndryshme si platina (Pt), diamardopuar me bor (boron doped diamon
(BDD)), anoda dimenzionalisht stabile (dimensiornsthble anode (DSA)), dioksidi i plumbit
(PbQ), grafiti, karboni shpuzor (carbon felt (KF)), dfilerat e karbonit (FK). Né kapitullin e
katért dhe té pesté éshté studiuar efekti i madeeaté ndrshme té anodés dhe katodés né

procesin elektro-Fenton, duke pasur si model sidfamnén.
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METODAT E TRAJTIMIT TE UJERAVE

Teknologjité e trajtimit té€ ujérave mund té ndalme&ndy grupe: metodat destruktive
dhe jo destruktive. Metodat jo destruktive mundégondarjen e ndotésve nga uji pa
ndryshuar natyrén e tyre kimike, dmth. ndotési€rettransferohen nga njé fazé né fazén
tietér. Né kuadér té kétyre metodave mund té pérmreratisorbimin, ekstraktimin, ndarjen
membranore, distilimin etj. Pérkundér efikasitgtik a shumé té madh, kéto metoda nuk
ofrojné zgjidhjen pérfundimtare pasi qé ndotésidaré né kété ményré duhet té vendosen
diku tjetér (rindotje), ose duhet té trajtohen memd metodé termike (djegie) apo kimike

(oksidim i avancuar).

Metodat destruktive, ndryshe nga ato jo destruktigetransformojné kimikisht
materien organike. Pér kété qéllim pérdoren oksidamik si klori apo ozoni. Trajtimi
mikrobiologjik gjithashtu pérdoret shpesh pér pastr e ujérave ku agjent shkatérrues i
materieve organike jané bakteriet té cilat e péndaté si Iéndé ushgese. Materia organike
transformohet né CQ H,O dhe biomasé e cila fundérrohet né fund té redkidrajtimi
biologjik kérkon shumé kohé si dhe shpeshheré malizéni éshté vetém i pjesshém, e
sidomos kur béhet fjalé pér molekula refraktarej til@degradimi (NOR) apo toksike ndaj
bakterieve qé pérdoren pér trajtim. Djegia éshtéodeeefektive pér trajtimin e tretésirave té
pérgéndruara (pas trajtimit membranor), por ésht&ushtueshme dhe mund té lirojé

komponime toksike té tilla si dioksinat.
Proceset e oksidimit t&é avancuar (POA-t&)

POA dhe mé voné PEOA jané metoda kimike destruktjgekarakterizohen nga
pérfitimi i radikaleve hidroksile, té cilat jané spe kimike me reaktivitet ekstrem dhe mjete
té fugishme oksiduese. Ato mund t'i oksidojné molakwrganike deri né mineralizimin e
tyre té ploté ose kuazi té ploté duke iu faléndepgaencialit té tyre té oksidimit shumé té
larté (2.80 V/ESH). Né POA pérdoren reaktiv kimik §iO,, Os, H.O, té vetém apo té
kombinuar me rrezatim UV mé qéllim té prodhimit'@H. Pér dallim nga POA, né PEOA
radikalet hidroksile pérfitohen gofté né ményrékie nga oksidimi i ujit né sipérfagen e njé
anode té caktuar, ose né ményré indirekte né in&téga reaktivi i Fentonit i prodhuar
elektrokimikisht. Njé skemé e POA éshté dhéné rédian (fig. 1)
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POA

| [ I |

POA té bazuara né Proceset elektrokimike

Kataliza heterogjene Ozonimi peroksid hidrogjeni té oksidimit té
avancuar

Ti0,/ UV B o, B H,0,/UV - Oksidimi anodik
0,/ UV H,0, / Fe?* —  Elektro-Fenton
0,/H,0,, 0,/H,0,/,
0,/Fe?, 0,/Fe?*/UV H.0- ALY

Fig. 1. Skempreceseve té oksidimit té avancuar (POA)

Proceset elektrokimike té oksidimit té avancuar
Oksidimi anodik

Degradimi i ndotésve organik béhet né njé celukktebkimike té pajisur me dy
elektroda (anodé dhe katodé) dhe njé elektrolitélsapér té pérmirésuar pérqueshmériné
elektrike. Gjaté kalimit té rrymés elektrike népéatésiré, lirimi i oksigjenit né anodé ka njé
réndési té vecanté. Mekanizmi i reaksionit t& oksitdié ujit né anodé qé gon né lirimin e
oksigjenit molekular varet nga natyra e materigditanodés té pérdorur. Kjo implikon njé
mbipotencial té lirimit t& oksigjenit qé ndryshogannjé anodé te tjetra. Anodat qé kané njé
mbipotencial té larté, si psh diamanti i dopuar bue (BDD), mundésojné gjenerimin e
radikaleve hidroksile si specie intermediare. Néékéast radikalet e formuara jané té
adsorbuara fizikisht né sipérfage té anodés pau@slira e késhtu shumé reaktive. Kéto
radikale reagojné menjéheré sapo jané formuar mekulat organike duke i transformuar
ato né CQ@dhe HO (Ek. 2):
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M + H,O = M ('OH) + H' (1)
M('OH) + R» = = M + CO, + H,0 2)

M paraget natyrén e anodés. Gjithashtu éshté i shémd formimi i specieve té tjera
oksiduese né anodat me mbipotencial té larté tégjekst si: O H,O, et $SOg”, HOCI gé
viné nga oksidimi i elektrolitit bartés. Kéto specmarrin pjesé gjithashtu né oksidim
(oksidimi indirekt).

Ndérsa anodat gé kané mbipotencial té ulét té itiiénoksigjenit kané aftési té ulét
oksiduese. Né kété grup béjné pjesé andat DSA {R@) né kété punim) dhe Pt. Struktura
elektronike e iridiumit lejon gjendje té oksidinmté té larta kur ai i nénshtrohet potencialit té
larté pozitiv (Ek 3-5):

M+ HO =» MO,(OH) + H + € (3)
MOL(OH) = MOys1 + H + € (4)
MOy+1 = MOy + %2 Q) (5)

Pastaj oksidi i metalit i formuar mund t'i oksidajolekulat organike, por ky éshté njé
reaksion shumé mé i ngadalshém se ai MOMI). Né potenciale té larta reaksioni (5) béhet
dominant dhe gon né humbje té energjisé.

Elektro-Fentoni

Eshté nj¢ metodé elektrokimike indirekte pér shkamén e ndotésve organik né
mjedis ujor. Baza e teknologjisé elektro-Fentont&skaktivi i Fentonit (b0, + FE€"). Ky
reaktiv éshté pérdorur pér heré té paré ng H.Jadtdn né vitin 1894 pér oksidimin e acidit
tartarik. Por ky reaksion éshté pérdorur pér trajtie ujérave vetem pas afér njé shekulli nga
pérdorimi i tij i paré. Radikalet hidroksileQH) té formuara késhtu (Ek. 6) né mijedis

homogjen sulmojné materien organike deri né mirenain e saj (Ek. 7):
HO, + Fé* = Fe€* + "OH + OH (6)
R +'OH——— CO, + H,0 (7)

Pérdorimi i reaktivit t&¢ Fentonit (@, + F&") éshté shumé mé pak efektiv né krahasim me
até elektro-Fenton, sepse rigjenerimi i katalizatee’* éshté shumé i ngadalshém. Né anén

tietér acidet karboksilike té krijuara gjaté okeidi t&¢ molekulave organike formojné
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komplekse me jonin Bégjé qé pengon regjenerimin e tij néFdhe shkakton ngadalsimin e
prodhimit t¢'OH pra dhe até té degradimit t& ndotésve organji.sidsi e joneve té hekurit
humbet gjithashtu si pasojé e precipitimit né for@& hidroksidit ferrik (formimi i
fundérrinave gjaté procesit). Ndryshe nga procesitén, né rastin elektro-Fenton,®
pérfitohet elektrokimikisht né katodé (EK. 8):

O, + 2H" + 2¢ - H,0O, (8)

Oksigjeni futet né tretésiré duke gurgulluar aggrkomprimuar népér té. Ndérsa jonet'Fe
(katalizatori) shtohen né fillim né tretésiré néisshumé té vogla (katalitike) dhe pastaj

rigjenerohen elektrokimikisht (Ek. 9):
Fe' + e » F&* (9)

Né kété ményré reaktivi i Fentonit dhe rrjedhimightlikalet hidroksile gjenerohen pa
ndérprerje né sistem dhe degradojné materien dwgat@ri né mineralizimin e saj. Pérfitimi
efikas i HO, dhe rigjenerimi i F& eviton t& metat e sistemeit Fenton, pra kemi mjétké

té shpejté té degradimit, eliminimin e reaksiong@arazite dhe pengimin e formimit té
fundérrinés sé hidroksidit ferrik, gjé qé e bénécpsin elektro-Fenton shumé mé efikas se
procesi kimik Fenton. Prandaj metoda elektro-Fergérbén njé teknologji té dalluar pér

shkatérrimin e mikrondotésve organik né mjedis.ujor

Procesi elektro-Fenton varet nga kushtet ekspetme si: pH, pérgéndrimi i
katalizatorit, temperatura, intensiteti i rrymésdhateriali i elektrodave. Vlera optimale e pH
éshté 2.8-3 dhe pérgéndrimi i katalizatorit 0.140&1. Shpejtésia e reaksionit Fenton rritet
me rritjen e temperaturés, por pértej 35-40°C pé&ijsbipet reaksioni i zbérthimit té,B, gjé
gé e ngadalson procesin. Materiali i elektrodésniaréndési fundamentale. Platina dhe
diamanti i dopuar me bor jané anoda gé pérdoreasthpdérsa karboni sfungjeror, katoda me
difuzion oksigjeni etj si katoda. Né kété punimtéstealizuar njé studim krahasues i efektit té&
materialit té elektrodés (anodés dhe katodés) efipsitetit t& procesit elektro-Fenon.
Rezultatet e fituara do té prezantohen kétu poshté.

Efekti i materialit té¢ anodés né oksidimin anodik & amoksicilinés (AMX)

Shtaté anoda té ndryshme jané studiuar me géllikraBasimit té aftésisé sé tyre
oksiduese ndaj degradimit t¢ AMX. Pér té realizké@é studim jané béré eksperimente té

degradimit (transformimi i thjeshté i molekulés m&nprodukte té& oksidimit) dhe
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mineralizimit té tretésirave ujore té AMX. Kinetika degradimit oksidativ t¢ AMX éshté
pércjellur me ané té kromatografisé sé léngét méopeancé té larté (high performance
liquid chromatography (HPLC)), ndérsa mineralizéshté béré me matje té karbonit organik
total (KOT) né tretésiré me ané té njé analizuegiarbonit organik total (total organic carbon
analyser (TOC)).

Né tabelén 1 jané dhéné konstantet e dukshg)e {& fituara nga analiza e lakoreve
kinetike té oksidimit né intensitete té ndryshmertgnés, té reaksionit té oksidimit t& AMX
me radikale hidroksile. Eksperimentet jané bér&été kushte: [AMX] = 0.1 mM, [Nz£5O,]
=50 mM, V = 250 ml, si katodé éshté pérdorur celikaoksidueshém (stainless steel) me
sipérfage té njéjté si té anodés (24)crduke u bazuar né vlerat e konstanteve té dukgime
shpejtésisé sé reaksionit, konstatojmé gé shpej@sksidimit t&¢ AMX rritet me rritjen e
intensitetit t& rrymés, por vlerat e tyre ndrysi@oghumé nga njé anodé te tjetra. Shohim se
DSA, éshté anoda mé sé paku efikase pér degra@éirAMX, e pasuar nga ajo e grafitit dhe
fibrave té karbonit. Vlerat egpér Pt dhe Pbgané mes atyre té gjetura pér fibrat e karbonit,
karbonit shpuzor dhe BDD, ku kjo e fundit éshté efikasja e vecanérisht né intensitete té
larta té rrymés. Karbon felt shihet se ka njé jgethé karakteristike; kjo anodé ka kapacitet
mé té larté oksidues se anodat tjera té karbormgtaditi dhe fibrat e karbonit. Kjo mund té
spjegohet me sipérfagen e saj specifike gé éshtéésme e madhe se e anodave tjera, meqé
ajo éshté njé material poroz tre dimensional. Meajé verat e kzvogélohen shumé pér
intensitet té rrymés 500 mA pér shkak té djegiesagési anodé. Pérkundrazi né rastin e BDD

vlera e kK rittet mé sé shumti né 500 mA.

Tabela 1. Konstantet e dukshme té shpejtésiségsadimit t¢ SMT gjaté trajtimit me

procesin elektro-Fenton, si funksion i intensiteét rrymés sé aplikuar dhe materialit té

anodes.
Anoda BDD Pt DSA PbQ Grafiti KF FK
| (MA) ks /min™®
50 0.02 0.02 0dne6 0.02 0.01 0.05 0.02
100 0.03 0.03 RO 0.03 0.01 0.08 0.02
300 0.06 0.04 B0 0.05 0.02 0.2 0.03
500 0.11 0.03 azo 0.04 0.02 0.09 0.02

34



Né tabelén 2 jané pérmbledhur rezultatet e fituarefigasitetin e mineralizimit té njé

tretésire t¢ AMX me anoda té ndryshme.

Tabela 2. Pérgindja e mineralizimit té& 250 ml tsté t&é AMX si funksion i intensitetit

té rrymés dhe materialit t& anodés pas 6 oré trajti

Anoda BDD Pt DSA PbQ Grafiti KF FK
I (MA) EliminimiKOT pas (%) 6h

300 86.9 29.8 9.7 62.5 0

500 92.2 41.3 8L3. 81.2 0

1000 96.3 47.4 22.0 90.6 0

Pérqindjet mé té larta t& mineralizimit jané arrittuke pérdorur anodén BDD pastaj até té
PbQ, té Pt dhe té DSA. Anoda e grafitit gé kishte saft&lativisht té miré oksidimi ndaj

AMX deri né 500 mA, e mineralizon até deri né 43Be @7% pér rrymat 150 pérkatésisht 50
mA, dhe déshton plotésisht né rryma mbi 150 mAghéak té diegjes sé saj né potencial mé
pozitiv. Vlené té theksohet se grafiti si anodéména té uléta jep rezultate té mineralizimit té
krahasueshme me platinén dhe pak mé té mira sedd8a kur né kéto elektroda applikohen
intensitete rryme mé té larta. Fibrat e karboni¢ #arbon felt démtohen (oksidohen) madje

edhe né rryma té uléta, duke i dhéné ngjyré té rerssirés.

Pérkundér rezultateve té mira té oksidimit té filuene karbon felt, kjo anodé nuk
mund té pérdoret pér mineralizim té ndotésve ofgaapse oksidohet madje edhe né rryma té
uléta pér kohé té gjaté té elektrolizés. Pérkundrezrastin e BDD jané arritur pérgindje té
mineralizimit 86.9, 92.2, dhe 96.3 % pér rrymat 3500, 1000 mA. Njé shkallé aqg e larté e
mineralizimit e arritur me kété anodé, éshté rrigélh® formimit intenziv té radikaleve
hidroksile pér shkak té mbipotencialit té lartélitémit t¢ O, mbi té. Radikalet hidroksile
formohen gjithashtu edhe né Pt, Blbdbie DSA por né pérgéndrim shumé té vogél. Poashtu
njé rol t& réndésishém né shkatrrimin e AMX luagniie oksidantét tjeré sp&*, Os H,0,

gé formohen né anodé.
Efekti i materialit t& anodés né procesin elektro-Enton

Pér té paré efektin e materialit t&¢ anodés négsincelektro-Fenton ngjajshém si mé

lart, jané realizuar eksperimente té degradimit diieeralizimit té ndotésit model SMT.
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Pastaj éshté béré analiza e acideve karboksilikejaeve minerale gé formohen gjaté
oksidimit nga heteroatomet Q& gjenden né struktueEnsulfametazinés. Kushtet
eksperimentale kané gené: [SMT] = 0.2 mM 4Fe 0.2 mM, V = 300 ml, pH = 3, sipérfagja
e anodés ka gené 2 x 24 Tmdérsa si katodé gjithmoné éshté pérdorur kafélofKF) me
dimenzione 23 x 6 x 0.5 cm. Mostrat e tretésireSBE gé iu kané nénshtruar elektrolizés
jané analizuar me HPLC. Eliminimi i karbonit tofdlOC) nga tretésira e elektrolizuar éshté
pércjellur me ané té matjeve me analizues TOC.i2aa& acideve karboksilike éshté béré me
kromatografi té pérjashtimit té joneve dhe jonenenale me kromatografi jonike.

Konstantet e dukshme té shpejtésisé sé oksidinBM& me radikalet hidroksile né

sisteme té ndryshme elektrolitike jané dhéné ndéali:

Tabela 3. Konstantet e dukshme té shpejtésiségsadimit t¢ SMT gjaté trajtimit me
procesin elektro-Fenton, si funksion i intensiteét rrymés sé aplikuar dhe materialit té

anodés.

Cel. Pt DSA BDD KF

| (MA) akmin™

50 0.08 0.06 0.07 0.22
100 0.15 0.09 0.12 0.31
200 0.19 0.14 0.18 0.37
300 0.27 0.20 0.24 0.44
400 0.37 0.27 0.27 0.43
500 0.40 0.27 0.25 0.43

Tabela 4. Konstantet e dukshme té shpejtésisé gri@adimit t¢ SMT me radikalet
hidroksile té formuara me oksidim anodik, si fuaksi intensitetit té rrymés sé aplikuar dhe

materialit t& anodés.

Cel. Pt DSA BDD KF
| (MA) hnin™

100 0.02 0.01 0.02 0.22
500 0.04 0.02 0.06 0.29
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Nga vlera e kné tabelé shihet garté se shpejtésia e degradirBMT rritet me intensitetin e
rrymés né té gjitha celulat elektrolitike. Me i e intensitetit té rrymés shpejtésia e
prodhimit t¢ HO, dhe rigjenerimit t& Fé &shté mé e madhe dhe si pasojé shpejtésia e
degradimit t& SMT rritet. Njé rritje e tillé e shi@sisé sé degradimit ndodhé deri né njé
intensitet optimal té rrymés 300-400 mA mbi tértilhtensitet shpejtésia e degradimit nuk
rritet mé. Ky limit i intensitetit t&€ rrymés mbi té@lin nuk ka pérshpejtim té reaksionit té
degradimit, paragitet si rezultat i reaksioneveap#e té cilat intensifikohen né rryma té
(potenciale) larta. Kéto reaksione jané lirimi p @& anodé dhe lirimi i Hné katodé.
Konstantet e dukshme kinetike (tabela 3) té lldgeainga lakoret [SMT] = f(t), tregojné njé
ndryshim té vogél mé mes anodave té pérdorura, maspém té karbon felt. Né tabelén 4
jané paragitur &té pér oksidimin anodik, domethéné né mungesé atélikatorit F&".
Vérehet qarté ndryshimi i madh né mes procesitteldkenton dhe atij té oksidimit anodik.
Shpejtésia e degradimit éshté shumé mé e madresiné elektro-Fenton duke iu falenderuar
radikaleve hidroksile té formuara nga reaksionenténit (pos atyre té formuara né anodé).
kq-té e fituara me karbon felt jané ndjeshém mé téhaée ato té fituara me anodat Pt, DDB,
et DSA. Né rastin e sistemit elektrolitik BDD/Karbdelt shpejtésia e degradimit t¢ SMT
éshté pak mé e vogél se né rastin Pt/Karbon fBID Buke gené njé anodé me fuqi t&¢ madhe
oksiduese, i oksidon jonet $Oné SO, pastaj joni peroksodisulfat oksidon jonin ferror
(Ek. 10), pra eliminon njé sasi té katalizatorikewvogéluar késhtu shpejtésiné e prodhimit

té radikaleve hidroksile.
S,0¢” + FE* - 2SQ% + Fe* (10)

Sé fundi fakti gé shpejtésia e degradimit t¢ SMTyslon shumé pak mes celulave té
ndryshme, shpjegohet duke pasur parasysh se sasidekulave t¢ SMT gé oksidohen nga
radikalet hidroksile gé vijné nga reaksioni elekf@nton éshté dominante ndaj atyre qé

oksidohen si kontribut i oksidimit anodik.

Konstantet e dukshme té shpejtésisé sé degrafinétshumé té médha né celulén
Karbon felt/Karbon felt, si dhe jané mé té médhaé&e: gjitha celulat tjera elektrolitike.

Eksperimentet e mineralizimit jané béré né tétajéjushte si ato té degradimit dhe

pérqgindjet e eliminimit té karbonit organik totahg prezantuar né tabelén 5.
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Tabela 5. Eliminimi i KOT si funksion i intensite# rrymés dhe materialit t&€ anodés

gjaté mineralizimit té njé tretésire t¢ SMT me #hprocesit elektro-Fenton.

Cel. Pt DSA BDD KF

I (mA) Eliminimi i KOT pas (%@h / 6h I (mA) %KOT (2h/6h)
100 35.5/69.6 25.5262. 57.2/91.9 50 368862

300 55.9/83.9 34.1/71.1 76.4/96.8 100 42012

500 71.5/90.3 41.9/76.1 84.7/97.9

700 61.4/81.7 14.8/75.2 88.2/97.2

1000 54.7/75.8 26.3/46.1 90.1/98.5

Tabela 6. Eliminimi i KOT si funksion i intensiteté rrymés sé aplikuar dhe
materialit t& anodés (oksidim anodik).

Cel. Pt DSA BDD KF

I (MA) Eliminimi i KOT (%) paah/6h

100 12.5/15.8 5.2/83  48.7/88.1 0/0
500 25.7/36.8 9.6/10.8  69.4/94.6 0/0
1000 24.0/41.4 9.8/9.8  80.9/97.4 0/0

Rezultatet nga eksperimentet e mineralizimit tregajjé sjellje krejt té ndryshme nga njéra
celulé elektrolitike né tjetrén, né krahasim me @aegradimit. Kétu vérejmé njé ndryshim
shumé té garté né efikasitetin e mineralizimit nésnanodave té ndryshme. Shkalla e
mineralizimit t&¢ SMT rritet me intensitetin e rryméderi né njé limit té intensitetit optimal, gé
nuk éshté i njéjti pér té gjitha anodat. Né sisteP#Karbon felt dhe DSA/Karbon felt ky
limit éshté 500 mA. Shihet gjithashtu gé elimininkiOT né celulén DSA/Karbon shpuzor né
300 dhe 500 mA nuk ndryshon shumé, qgé do té tret@&aksionet parazite (t& pérmendura
mé larté) intensifikohen ndjeshém duke filluar r8f mA. Né celulat Pt/Karbon felt dhe
DSA/Karbon felt pérgindja e mineralizimit pér 700edb000 mA éshté madje edhe mé e ulét
se pér 500 mA, kjo pér shkak té ngadalsimit té eyjemt té& reagjentit t& Fentonit né katodé,
poré gjithashtu pér shkak té inhibimit t& oksidirartodik t&¢ SMT. Pérgindja mé e larté e
mineralizimit &shté arritur me anodén BDD, né téabeb shihet se mineralizimi arrin gati né
100% pas 6 oré trajtimi. Né sistemin BDD/Karboh ka dy burime té radikaleve hidroksile:

ato gé formohen nga reaksioni i Fentonit né tretédhe ato gé formohen né sipérfage té
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anodés, gjé gqé mundéson njé efikasitet té mineratizshumé té larté. Gjithashtu limiti
optimal i intensitetit té rrymés pér anodén BDD raghté 500 mA, si¢ shihet mineralizimi
mund té béhet me efikasitet deri né 1000 mA. BDRedpasur mbipotencial té larté t& O
favorizon formimin e radikaleve hidroksile madje edi& 1000 mA. Né rastin e anodave Pt
dhe vecanérisht DSA radikalet hidroksile mund taidéjné metalin né gjendje mé té larta
duke formuar okside. Oksidi pastaj liron oksigjease reagon ngadal me molekulat organike
né potenciale mé té uléta. Megjithaté pértej 500, mifja e eliminimit t&¢ KOT me rritjen e
rrymés béhet mé e vogél edhe né rastin e BDD, gé& dhoté se lirimi i oksigjenit éshté

gjithmoné njé pengesé serioze.

Duke krahasuar mineralizimin me metodén elektrotée dhe oksidimin anodik lehté
vérehet se elektro-Fenton éshté njé proces shuméfikeiss kur béhet fjalé pér sistemet
Pt/Karbon felt dhe DSA/Karbon felt. Né rastin eamsit BDD/Karbon felt diferenca éshté mé
pak e réndésishme, kjo me sa duket pér shkakrténghit nga sistemi elektro-Fenton i njé

sasie té katalizatorit tashmé té pérmendur.

Edhe analiza e acideve karboksilike déshmon sonitetin € BDD ndaj DSA. Acidet
karboksilike té identifikuara gjaté elektrolizés wélulén BDD/Karbon felt ishin: acidi
oksalik, glioksilik, piruvik dhe formik, dhe té tfia kéto acide u shkatérruan plotésisht né
fund té elektrolizés. Né celulén Pt/Karbon feltomtikarboksilike té identifikuara ishin: acidi
oksalik, glioksilik, formik, fumarik, maleik dhe atik. Né fund té trajtimit mbetet ende njé
sasi e acideve oksalik dhe formik né tretésiré.rblléé celulén DSA/Karbon felt acidet e
identifikuara ishin: acidi oksalik, glioksilik, famik, maleik, malonik, oksamik dhe tartronik.
Acidet gé mbesin né pérgéndrime té ulta pa u shketéné fund té elektrolizés jané acidi

oksalik, formik, glioksilik, dhe oksamik.

Me gé SMT pérmban heteroatomet N dhe S né stiéktarsaj, pritet té gjenden né
tretésiré jonet pérkatése inorganike {Y®IH," dhe SGQ*. Né rastin e anodés Pt, analiza me
kromatgrafi jonike tregon gé 90.2% e azotit té g@ajtur né molekulén fillestare lirohet né
formé té NQ (pjesa mé e madhe) dhe NHndérsa SE éshté liruar né 30 minutat e paré té
elektrolizés. Pérgéndrimi i joneve NQihe NH' i gjetur né tretésirén e elektrolizuar éshté
shumé mé i vogél - 62% e pérgéndrimit fillestarur bérdoret DSA si anodé, ndérsa joni
sulfat lirohet plotésisht. Ndérsa pothuajse i gjiHEdti prezent né tretésiré né molekulén e
SMT lirohet né formé té N9 dhe NH, pérkatésisht 96.7% e tij. Kurse sulfuri edhe atek
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rast lirohet né sasi kuantitative si né rastet panmée. Njé sasi e azotit me sa duket humbet

né formé té produkteve té gazta.
Ndikimi i materialit té katodés né efikasitetin e pocesit elektro-Fenton

Njéjté si mé paré, eksperimente té degradimit dimeeralizimit jané béré pér té
studiuar efektin e materialit té katodés né proesiektro-Fenton. Eksperimentet jané
zhvilluar né njé celulé me véllim 250 ml, pérqéndr[SMT] = 0.2 mM ndérsa ai i elektrolitit
ndihmés [NaSO;] = 50 mM dhe pH e tretésirés éshté rregulluar n&&odat e testuara:
Karbon shpuzor (KSH) me porozitet té ndryshém, karbelt (KF), dhe qelik i pa
oksidueshém (S steel) . 6 x 3.5 cm. Si anodé égsrtiorur gjithmoné platina. Népér tretésiré
éshté gurgulluar ajér gjaté gjithé kohés sé elakérel Analiza e mostrave té marrura né

intervale kohore té caktuara éshté béré me an®rEHhe TOC.

Prodhimi i HO, pérbén njé parametér té efikasitetit té njé kato@ procesin elektro-
Fenton. Pér kété arsye éshté béré pércaktimiO, Hyjaté elektrolizés me katodat: karbon
shpuzor 45 ppi, karbon shpuzoré 80 ppi, karbondie#t celik t& paoksidueshém duke lidhur
Pt si anodé. Intensitetet e rrymés sé aplikuanigs0, 100, 200, 300, 400, 500 mA. Tretésira
pér elektrolizé pérmbante ujé té distiluar me 50 eibktrolit ndihmés né pH 3 nén gurgullim

té pérhershém té ajrit.

Pér rrymat 50-200 mA pérgéndrimi maksimal.CH né celulén Pt/karbon shpuzor 45
ppi éshté arritur pas 40 minutave. Pér | = 100 nég/g@endrimi maksimal ishte 3.5 mM dhe
paraget pérgéndrimin mé ta larté nga té gjithanstiget e aplikuara té rrymés. Pérgéndrimi i
H,O; rritet me rritjen e intensitetit deri né 100 mAsf fillon té zvogélohet pér rryma mé té
médha. Pér intenstitet té€ rrymés 300, 400 dhe 580p&rgéndrimi i HO, té pérfituar né

tretésiré arrin nivelin e tij maksimal shumé shpéjias rreth 10 minutave).

Ngjajshém sillen edhe katodat tjera, pérgéndriraksmmal i BO, né tretésiré arrihet
né intensitetin e rrymés | = 100 mA dhe né rrymatélkarta ky pérgéndrim éshté mé i vogél.
Pérgéndrimi maksimal i #D, me karbon shpuzor 80 ppi éshté 2.5 mM, kursefignar me
karbon felt éshté 1.2 mM. Né celulén Pt/celik i kmdueshém né rastin me t& miré (I = 50,
100 mA) pérfitohen vetém 0.04 mM,B,. Kéto rezultate té pércaktimit t€,B, jané
koherente me rezultatet e eksperimenteve té degitadine mineralizimit t¢ SMT. Katodat gé
prodhojné sasi mé té médhaCd béjné té mundur gjithashtu njé shkatérrim mé efitéx

SMT. Njé fakt pér tu vérejtur éshté se edhe psgéilrimi maksimal i KD, i arritur éshté né
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100 mA, shpejtésia e degradimit t¢ SMT rritet de¥i300 mA. Kjo ndodhé pér shkak se né
prezencé té SMT dhe £eH,0, i formuar konsumohet menjéheré pa pasur kohéé&gétethet

né reaksionet parazite.

Tabela 7 tregon vlerat e ké reaksionit té& oksidimit t¢ SMT me radikal&H pér
katodat e studiuara. Si edhe mé paré kéto vleéljagaritur nga drejtézat In () = f (t).
Konstantet kinetike tregojné gé degradimi i SMT éshté i shpejté kur merret karboni
shpuzor si katodé, e vecanérisht katoda me potabtppi (pore per linear inch). Shihet garté
se vlerat mé té uléta tq gér karbonin shpuzor gé jané ato pér 100 ppi, $hoené mé té larté

se ato té fituara me karbon felt e sidomos se atgetik t&€ paoksidueshém.

Tabela 7. Konstantet e dukshme té shpejtésisé gradimit té SMT té fituara me

katoda té ndryshme

Cel. KSH 30ppi KSH45ppi KSH®ppi KSH 80 ppi KSH 100 ppi KF S steel
| (MA) &k/min™

50 0.11 0.19 0.19 0.19 0.19 0.06 .0®
100 0.22 0.34 0.28 0.28 0.29 0.07 040.
200 0.36 0.49 0.43 0.42 0.38 0.14 0®.
300 0.41 0.60 0.50 0.43 0.39 0.16 0D.
400 0.43 0.61 0.48 0.41 0.37 0.11 0D.
500 0.37 0.57 0.38 0.33 0.31 0.09 0®.

Vlerat e médha tékpér karbonin shpuzor mund té spjegohen me faldirkjq anodé ka
sipérfage té madhe duke iu falénderuar prozitétiatté, i cili mundéson prodhimin intenziv
té reagjentit t& Fentonit. Katoda karbon felt kahgshtu porozitet té larté pra sipérfage té
madhe, por aftésia e saj pér ta shkatérruar SMIE &klumé mé e vogél se e karbonit shpuzor.
Karbon felt éshté material shumé elastik dhe shm@é dendur se karboni shpuzor, gjé gé
véshtiréson garkullimin e tretésirés né brendi déollés, pra ptransporti i masés s€dbe
Fe?* éshté shumé mé i ngadalshém. Ndérsa karboni shpshté mé pak i dendur dhe mé
rigjid, strukturé kjo e cila favorizon transportan masés. Né té njéjtén ményré mund té
shpjegohen edhe ndryshimet g & mes katodave té karbonit shpuzor me porozitete
ndryshme. Ndérsa celiku i paoksidueshém ka njéfaipé specifike shumé té vogél, prej nga

gjenerimi i reaktivit té& Fentonit Eshté shumé i dobé

Pérgindjet e eliminimit té& KOT té tretésirés sé5jdné dhéné né tabelén 8.
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Tabela 8. Pérqgindjet e eliminimit t¢ KOT né funksi& intnsitetit té rrymés dhe

materialit té katodés.

Cel. KSH30 ppi KSH 45 ppi  KSH 60 ppi KB0 ppi KSH 100 ppi KF S steel

I (mA) lidinimi i KOT (%) pas 8 h

50 46.5 63.4 62.1 54.8 54.1 43.4 20.9
100 67.7 76.6 74.3 69.7 69.7 49.7 29.9
300 80.2 91.1 91.2 83.9 82.6 55.6 37.2
500 79.5 90.1 83.6 83.3 80.7 56.6 41.2

Eliminimi i KOT ndjek té njéjtin rend si oksidimKatoda mé efikase éshté karboni shpuzor
me porozitet 45 ppi, me pérqindje té eliminimitk®T 91.1% né 300 mA. Kjo vleré éshté

optimumi mineralizimit né intensitetin optimal t&/més. Katodat tjera té karbonit shpuzoré
japin gjithashtu rezultate shumé té mira té mingrait, ndérsa karbon felt éshté mé pak

efikase. Qeliku i paoksidueshém éshté treguartedeamé jo efektive nga té githa té tjerat.

Dhe né fund pas identifikimit t& katodés mé téénpér procesin elektro-Fenton, jané
béré eksperimente me kété katodé duke pérdormosiéaBDD gé tashmé éshté paré si anoda
mé e miré. Eksperimentet jané realizuar né téatjéjishte si ato pér matjen e efikasitetit té
katodave. Konstantet kinetike té dukshme té shgeg@édhe pérgindjet e eliminimit t& KT

jané dhéné né tabelén 9.

Tabela 9. Vlerat e konstanteve kinetike té dukstimeepérqgindijet e eliminimit t&¢ KOT

té fituara né celulén BDD/Karbon shpuzoré 45 ppi.

| (MA) Wmin™ Eliminimi i %KOT pas 6 h
50 0.12 77.7

100 0.21 82.6

200 035

300 0.38 95

400 036

500 0.35 98

Shpejtésia e degradimit t€ SMT rritet me rryméni a 300 mA, falé pérshpejtimit té

reaksionit té Fentonit, pastaj ajo zvogélohet, tggdn se éshté arritur niveli ptimal i
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intensitetit té rrymés. Nése i krahasojmélkfituara me BDD/Karbon shpuzoré 45 ppi, mund
té pérfundojmé se ato jané pak mé té vogla seédfituara me Pt/Karbon shpuzoré 45 ppi e
shumé mé té médha s k fituara me Pt/Qelik i paksidueshém dhe Pt/Karbelh

Pérkundrazi mineralizimi éshté shumé mé efikasah@lén BDD/Karbon shpuzoré 45 ppi, gjé

oksidimi i ujit.
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CHAPTER 1

INTRODUCTION TO METHODS FOR POLLUTED WATER
TREATMENT
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1.1 INTRODUCTION

Nowadays the issue of the polluted water is becgrttie more and more serious. There are
many sources of pollutants in waters: the dischafgmdustrial effluents and other waste
materials in different environmental sites, thegesaf chemicals like pesticides, herbicides,
insecticides, etc. in agriculture, sanitary acdigt the usage of medicaments in human and
veterinary medicine etc. The abundance of diffedr@micals escaping from these sources,
has led to the contamination of surface and gromatkrs with many inorganic and organic
pollutants. There are many persistent organic taths (POPs) coming from different classes
of chemicals, present in the environntent*>%789101L12Amang them are chlorinated
aromatics including polychlorinated biphenyls (PCB#enzo-p-dioxines (PCDD), furans,
polybrominated diphenyl ethers (PBDEs) and differerganochlorine pesticides such as
DDT, aldrine, HCH (hexachlorocyclo hexane), etcthéd frequently occurring POPs are
phenols and chlorinated phenols. These substameeslightly water soluble so, in aquatic
environment, they disperse strongly in solids esfigcin organic matter. POPs are
moderately volatile at ambient temperature, they than volatilise from soils, water bodies
and vegetation, being resistant in atmospheric tomdi they can be transported by air
currents to long distances before settling on tteeigd. So POPs have been found even at
Antarctic®41°18171%nd high mountairfi?®2tin different countries where low temperatures
favoured the condensation of POP’s vapours. Pratipns play an important role on the
POPs settling td6*° several papers have reported their presencgimdrid low mountain’s
snow*%>?%27 pesticides are a class of compounds widely usedgio-culture. They are
found in fields where directly applied and alsaivers, lakes, sediments and ground waters

where they reach by leaching under the action e€ipitationg®2°-30-31:32:33.34.35.36.37

mong
organic pollutants, pharmaceuticals are ubiquittusaminants of water and soils and their
presence in these media have been often repdrfed“! Their sources are pharmaceutical
industry effluents, hospital effluents, municipalwsge and farms.

Synthetic organic compounds produced for certampgaes and their accompanying
by products along with the species generated durorgbustion processes are not natural
constituents of the environment, whereby, theysargpected to alter the normal course of
events in the nature. They can enter the food &h&ifi*so passing from one trophic level of
organisms to the other. There has been evidencB@d's to be implicated into endocrine
disruption in humans and anim&t8®*’ Apart from reproductive effects many organic

pollutants are suspected as carcinoffemsvestigation on toxicity of pesticides have rateel
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that many of them are carcinogenic towards anirtals raising concern for the hum#at®
They are also toxic to phototrophic microorganisms fishes and crustaceansnicro flora,
bees, birds and other non-targeted organfms

Pharmaceuticals as wide class of chemicals aredfatnlow concentration but
permanently entering water systems. Some papens @éh their influence on aquatic
life>>>%°" Pharmaceuticals are bioactive substances intefutedction against pathogenic
microorganisms, but they can also have unintendffdcte®. The concentration of
pharmaceuticals in surface waters is below the extnation for which acute toxicity on
aguatic organisms has been proven to occur. Howthedevelopment of induced antibiotic
resistanc®®® metabolic, reproductive and other perturbationsaguatic organisms are

possible for chronic exposufe*

The permanent and increasing quantities of orgaaitering the environment and
their ability to influence the biology of living ganisms have raised much concern to humans.
To face the pollution problem many efforts haverbdene in terms of making administrative

regulatior§?°3646°

of toxic compounds and also by developing methfodghe treatment of
waste waters before releasing them in the natueeSlassical methods which are currently
in use in waste water treatment plants (WWTP) wél described briefly in the following
sections along with emerging technologies. It hesnbreported that many organic pollutants
can escape the treatment process in the classivdl®F°" 689701755 many have been
found in their effluents and areas where these@fis pass through. The difficulties to come
across when polluted waters are treated by cldssietnods makes the scientific community
to search for other more effective technologies ciiiave resulted with the development of
many new methods for organic pollutants removaifreaters. The efforts done have led to
the development of AOPs as more effective methodifganic contaminants destruction.
And most recently the electrochemical advanced oxidgrocesses (EAOPS) seems to be

very promising technology for environmental appiizas.

This thesis is devoted to the relatively recentgveloped EAOPs for organic
pollutants removal from contaminated water, nanmi@kectro-Fenton process”. This is a
method based on the electrochemically monitorectdfém reagent (bD, + FE€*) which
produces hydroxyl radicals that are capable of rdgisty any organic matter. The

particularity of this technique consists in thei@éint electrochemical generation of these
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reagents (KD, and Fé&"). As it is an electrochemical method the role letgode material is

crucial, so this work was realised in order toreate its effect.

This thesis is constituted of five chapters: th&oduction where current water
treatment technologies are discussed in generakiek description of the principle of non-

destructive methods will be given. AOPs and EAORIsb& treated more rigorously.

The second chapter describes the chemicals useédgdilnis study as well as the

analytical methods applied to analyse samples freated solutions.

In the third chapter a comparative study betweesmrs¢ anodes on the degradation

and mineralization of a model pollutant amoxiciikrrealised.

The fourth and fifth chapters have been devotethéoeffect of anode and cathode
material on the electro-Fenton process efficienSulfametazine, a pharmaceutical of
antibiotic class, was used as model pollutant. ddgradation and mineralization experiments
were realized comparatively, and the formation emolution of short-chain carboxylic acids

and inorganic ions were investigated.

1.2. WATER TREATMENT METHODS

The socio-economic development of the countrieslasely related to the chemical
industry and to the production of many chemicals civhcauses the problem of water
pollution. So in this frame many efforts have bekme during decades in order to find
effective technologies for the removal of toxic stamces from contaminated waters. The
current water technologies can be divided in twaegal groups; non-destructive (or
separative) and destructive ones. We will descbbefly the non-destructive methods for
polluted water treatment, whereas the destructiethads will be discussed in more details,
since the topic of this work is about a destructivethod for the removal of toxic organic

compounds from polluted waters.
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1.2.1. NON-DESTRUCTIVE METHODS

The non-destructive methods consist on the remokabxic substances from the polluted
water without changing the nature of compoundd, iieans that these species pass from one
phase to another but their initial chemical andsutgl properties remain unchanged. These
are separation techniques. Separated pollutania areoncentrated phase and will be treated
by another technique for final elimination. Sometase techniques are as follows.

1.2.1.1. Adsorption

Adsorption is a process of separation of a substdrmn the liquid phase on a solid one,
called adsorbent. The adsorption is based on thafigpmteractions between the adsorbent
material surface and the molecules to be adsoffi@d.is a separation technique used very
frequently in chemical industry and in pollutargsnoval from waters’*">’® The adsorption
capacity of the adsorbent depends on the specifface of the solid material, the pollutant
concentration in solution and the affinity to irter between adsorbent surface and pollutant
molecules.

One of the most exploited adsorbents in indugtiyia water remediation particularly,

is the active carbdh’®"®

which can be obtained from many raw materialsoasnistance: the
coco nuts, the wood, the bituminous oil etc. Thesderials are first carbonised and then
activated. Activated carbon has very good text(lih porosity, large specific surface) and
physicochemical (surface chemistry) properties thake it possible to explain its excellent
adsorption abilit§??>%2#3 Nonetheless, there are some difficulties accoryipgnwater
treatment with activated carbon related to theratitn of adsorbent and its elimination after

use. Whereas it's thermal or chemical regenerasimery expensive.
1.2.1.2. Extraction

Extraction is a separation technique based ondhibidity difference of a pollutant in
two immiscible liquid phases as for instance watett an organic phase, or liquid-s8fitf®°
The solvents can then be regenerated by distillabonconsecutive extraction. The

concentrated products after treatment can be redyul burned.
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1.2.1.3. Membrane filtration

Undesirable compounds can also be removed from whéer by membrane
processeys 88:89.9091.92.939495 A ‘membrane is a mediator which controls the artsof
chemical species between two liquid phases it s¢gmr\When a driving force is applied over
the fluids in a given direction the membrane wihhve differently towards the transport of
different species through it, depending on membiame species properties. The pollutants
separation is based on their affinity for the meanle; their dimensions (pore size) and

electrical charge of molecules and ions. Among nramd® processes we can distinguish

96,97 r}OO,ZI.Ol,lOZ g,103,104

microfiltration®®®’, ultrafiltratior®™®°, nano-filtratio and reverse osmo¥
which differ in the ability to retain particles different size. So, the choice of type of the
membrane is related directly with the size of speto be retained on it.

Membrane filtration processes or physical sepamatnd their efficacy depend on
their porosity and permeability, its nature, argbadn the size of the particles to be removed.
There are several advantages attributed to memlmareesses; the separations need small
guantities of chemicals, automatable proceduresd gelectivity and better water quality.
But, some molecules, especially pesticides canmeotdsained by all membrart&3 thus
representing a disadvantage. The relatively high cbshe membrane treatment is another
inconvenience. Certain membranes retain bacteriantuviruses (except nanofilters) which

are smaller than their porosity.
1.2.1.4. Membrane distillation

Membrane distillation is a separation technique eyiph a hydrophobic membrane which
serves as a selective barrier for contaminants vamivom watet®®°7:1%819% The driving
force through the membrane is the pressure differbetween the two sides of the membrane
pores. The difference of partial vapour pressureprgvided by the difference in the
temperature. Volatile compounds evaporate, diffiseonvect across membrane pores and
are condensed or removed on the opposite side ofyiem (pure water), whereas non-
volatile compounds are rejected (pollutants). Unlikemembrane filtration, in membrane
distillation process no mechanical force is needieccomparison with common distillation
lower temperatures and pressures are requiredaio at significant flux of mater through the
membrane. Typical feed temperatures varies in émge 30°C -60°C, thus permitting the
exploitation of waste or low-grade energy, as wslthe use of alternative energy source such
as solar or wind enerdy.
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1.2.2. DESTRUCTIVE METHODS

These methods are called destructive methods bet¢hasorganic pollutants are chemically
transformed on other species then the initial comgdeu generally the transformation
proceeds until their conversion into carbon diox{@0,) and water (KHO). Commonly

applied destructive methods include biologicalyrined and chemical (AOPS) treatments.

1.2.2.1. Biological methods

In the biologic technology the acting agent aretdérda that consume organics in the
solution which serve as their nutrition source. Mhthrough the metabolism the organic
material is transformed into cellular biomass whsetktles on the bottom of the reactor. There
are two types of biological treatment; aerobic timent #1314y hich takes places in the
presence of air and utilizes the bacteria (callElzes) demanding molecular oxygen for the
conversion of the organics into GOH,O and biomass, and anaerobic treatritemt®*’
which is realised in the absence of air by bact@adled anaerobes) which do not require the
molecular oxygen to assimilate the organic impesiti The final products of organic
destruction by anaerobic treatment are methanbpoatioxide and biomass. This technology
requires long residence time for microorganismsgdgrade the pollutants particularly when

pollutants show toxic activity®19-1%°

1.2.2.2. Thermal method (incineration)

Thermal treatment consists on the incineratiororictwastes and it is a very effective
method especially in case of small concentratedrmaek. Nevertheless it is very expensive,
needs storage and transport to incinerators, agskpts considerable emission of hazardous

compound¥™.

1.2.3. ADVANCED OXIDATION PROCESSES (AOPs)

Other technologies to be mentioned are oxidatiothaus such as wet oxidation
(which uses air or oxygen as oxidation agent)ttneat using oxidizing agents like potassium
permanganate, chlorine, hydrogen peroxide, andgsohealled advanced oxidation processes

(AOPs) and electrochemical advanced oxidation p®ee (EAOPS) that are based on the in
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situ production and reaction of a highly oxidiziagent, the hydroxyl radical. We will not
discuss here about all these techniques, excephdotwo last ones which have been proven
to be very effective on organic pollutants degremtain waters and especially the later that is
related to the indirect electrochemical oxidatieshnique for polluted water remediation,
called electro-Fenton process, which is the subjactthis thesis. So, the following
section/subsections will be devoted to the desonpdf advanced oxidation processes giving

the principal of work of each technique.

1.2.3.1. THE REACTIVITY OF HYDROXYL RADICALS

Non-destructive methods do not give a completatism for pollutants elimination
because the material charge separated (concerfh@tecontaminated water must be treated
by thermal or chemical techniques, or be depossteidewhere, thus representing another
problem of pollution to deal with. Considering tligt, efforts have been done to find more
effective methods to improve the overall treatmgrdcess of pollutants. In this frame the
advanced oxidation processes (AQPsy3124125126127.1281%3ye emerged as effective and
versatile techniques for environmental applicationsere exist many advanced oxidation
processes; all of them are based on the produetnmhaction of hydroxyl radicals, very
oxidizing species that attack the most of orgamimpgounds. Thus, they are distinguished
only in the way of generation of hydroxyl radicalfiese radicals are extremely unstable and

0§0131.132133.34 golution transforming them in less harmful prot, like

react with organi
oxygenated organic compounds and low molecularmicgecids. They are characterised with
high non-selectivity which is an advantage for amdant used in wastewater treatment and
pollution problems, but their application becomé§aililt in case of the treatment of waters
containing inorganic scavenging material. The ratestants for degradation reactions of
organics with hydroxyl radical range between @ s* and 16° mol*s™.

Hydroxyl radicals are also found in the naturahaitions, actually it was proven that
the oxidation of hydrocarbons in troposphere ineslthe action of hydroxyl radicals as key
oxidants*>. Solar radiations on iron hydroxide compleX&sdirect photolysis of nitrate and

137,138 ;

nitrite in natural waters and hydrogen peroxidean be natural sources of hydroxyl

radicals. But the concentrations of these radimaddow at natural conditions in waters.
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Among the most powerful oxidizing agents used idluyped water remediation
hydroxyl radicals have been selected as the mastideiione because they fully comply with

some important environmental and practice requirgme
They do not introduce secondary pollution problems
They do not manifest any kind of toxicity
They are not corrosive for equipment
They are very powerful oxidizing agent

The control of their production is relative simpdspecially in case of EAOPs.

Hydroxyl radical is one of the most oxidizing ageatnong the oxygenated radicals
(E° = 2.8 V/ISHE in acidic media at Z5). In high alkaline medium it is present in thenficof
its conjugated base"OpKa = 11.9 (reaction 1¥°, and reacts slowly as a nucleophile whereas
in acidic media it reacts as an electrophile. leximum absorption wave-length is at 225 nm
with a molar extinction coefficient of 540 L mibbm™ at 188 nni*’. These species diffuse

very slowly and its diffusion coefficient is of tleder of 2 x 18 cn? s* %

‘OH+ OH+< O™ +H,0 (1)

It is considered that hydroxyl radicals react inethrtypes of reactions with organic,

organometallic and inorganic materials which willdescribed further.
1.2.3.1.1. Reaction type and mechanism of hydroxsddicals

Advanced oxidation processes, principally are thase the chemistry of hydroxyl
radicals {OH) which are the principal intermediate reactipeaes responsible of oxidation

of organic compounds. They react by three differeatle of reactiott™

* Hydrogen abstraction (dehydrogenation)

Hydroxyl radicals can oxidize the organic compoutgsabstraction of hydrogen
atoms from saturated hydrocarbon chains creatidicah sites. Then these sites can be
attacked by oxygen. This process leads to a homdpgtit of a C — H bond and the formation

of the alkyl radical following to equation 2:
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RH +'OH— R + H0 ()

The R radical generated this way react with moleculaygex to give peroxide radicals

ROQ, initiating a degradation reaction sequence eeds to the mineralisation of RE'd
R + O, » ROO 3)

ROQC + n (OH/O,) = xCO, +yH,0 (4)

« Electrophilic addition on unsaturated bonds (hydrox/lation)

Hydroxyl radicals attack high electron density o, like unsaturated bonds of

aromatic compounds, alkenes and alkynes:
ArX + "'OH — HOArX’ (5)
HOArX" + n (Q/'OH) = HX + xC(O, + yH,O (6)

We can predict the possible hydroxylation sitesaobmatic organic compounds

according to orientation rules of electrophilic matic substitution given in the Table 1.

Table 1. The orientation of hydroxylation reactidny substituents in aromatic

compound&?
Orientation groups on ortho and Orientation groups on meta positions
positions _
Moderate and strong activators Strong desactivators
-NHa, -NHR, -NR,, -NHCOR, -NO,, -CFs, -NR3", -COOH,
-OH, -OR -COOR, -COR, -SeH, -CN
Weak activators Weak deactivators
Alkyles, phenyls -F, -Cl, -Br, -I

« Electron transfer (oxydo-reduction)

The electron transfer leads to the ionisation efrtiolecule. This mechanism becomes
important when hydrogen abstraction and electraptatdition are inhibited by multiple
halogen substitution or steric obstruction. Thesections produce organic radicals which, by
addition of Q, give peroxyle radicals initiating oxidative chamactions that result in the

mineralization of the initial compound:
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RX +'OH— RX™ + OH @)

RX™ + n (Q'OH) = HX + XCO, + yH,0 (8)

1.2.3.1.2. Reaction rate constant between «OH andganic compounds

The reaction of hydroxyl radicals with organic suéte (S) obeys the second order
low of kinetics:
S +'OH — R + (OH/H0) 9

So we can write, for decay rate of S, a differénéiquation describing the decay of the

substrate concentration with the time as follows:

— 2 = k[HO"][S] (10)

Where Kk is the reaction rate constant between hytiraglicals and organic substrate, S.

The rate determining step during the process ofracgapxidation is the generation of
hydroxyl radicals, because this reaction is re#yivsluggish in comparison with their
consumption by organic molecules and intermediabelymts created during the degradation
of the initial compound. These reactions are vas fith reaction rate constants of hiol*

Ls'to 10°mortL s?

Under these conditions the hydroxyl radical conegiuin can be considered to be

guasi-constant with the time so we can write:

d[HO"]
dt

-0 (11)

The concentration 60OH being constant we can rewrite the equation ifl&)is way:

d[s]
~Tar kapyp [S] (12)

where k;pis the apparent rate constant as follows:
kapp = k[HO"] (13)

If we rearrange the equation (12) and integrate it;
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d[S] t
— I, G5y = avw Jo dt (14)

we obtain the equation which describes the kinaifodegradation of a given substrate S by

hydroxyl radicalsOH:
[s]
Inie = ~kappt (15)
Is1

[Sol
versust gives a straight line. Then, from the slope of fime we can estimate experimentally

S and § are the concentration of S at time t = 0 and givang time t. The plot ofn

the pseudo-first order apparent rate constgptidr the oxidation reaction of S.

The second order reaction rate constant (the atesohte constant of the reaction
between S andH) can be then determined by the competition kdmeethod. It is based in
the competition fofOH radicals between the substrate S with a conktaotbe determined
versus a reference compound S’ for which the ratestant k is well knowrt*3. Assuming
that the degradation of both compounds S and $lteeenly from the OH the decrease of
concentrations can be given by following equations:

__dls]

S = kapplHO'[S] (16)

alsr I . l;
—E = K [HO][S] (17)

After we have integrated these equations we canbowmmand arrange them to obtain the
following one:
ln@ =k ln@ (18)
[se] ks [si]
Thus, knowing k the rate constant for substrate Scén be calculated from the slope of the

graph ln% versusln%. This method will be employed to determinate theddute rate
t t

constant for the reaction of pollutant 19H.

Some rate constant values for the reactioiObf with organic compounds are given
in the table 2,
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Table 2. Rate constants of the reactions of somaric compounds with hydroxyl radicals.

Compound k (mol™ L s™)
2.4.6-Trinitrotoluene (TNT) 2.06x1G

2-Methylphenol 1.1x10°¢
4-Methylphenole 1.2x10¢
N-Phenylhydroxylamine 1.5x10°
Azobenzene 2x10'°
Benzene 7.9x10
Toluene 5.1x10
Phenol 6.6x10
4-Nitrophenol 3.8x10
Aniline 1.5x10
Atrazine 2.4x10
Phtalic anhydride Anhydride Phtalique  9.1x10
Glyoxilic acide 2.3x10
Oxalic acide 1.4x10
Formic acide 8.2x10
Acetic acide 2.8x10

According to this table, hydroxyl radicals reacorm rapidly with unsaturated
compounds than with aliphatic organic acids thateayp in the solution as by-products of the
oxidation of compounds with higher molecular magke attack of hydroxyl radials on
aromatic compounds results in the formation of alyekadyenyl radicals. The most easily
attacked positions of aromatic ring that contaireketron donor substituent are the ortho and
para positions of an electron donor substituens. diso important to emphasise that hydroxyl
radical can react with inorganic substances an@miegatment reactive either. But generally

the reaction with inorganic compounds is slowenttieat with organic ones (Table 3).
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Table 3*>**®Reaction rate constants of hydroxyl radicals vgitime inorganic compounds.

Compound  k (mol™ L s

HSQOy 3.5-1.7x10
Cr 4.3x10
ClO 8.8x10d
cu* 3.5x10
Fe'* 3.2x10
H,0, 2.7x1d

Moreover, the oxidation pathway of organic compaum very complex including many

types of reactions:

(1

(I

(Il1)

Initiation reaction where radical speciesdre generated;

RH +°OH - R + H,0 (19)

Propagation stage where radicals react with othgairac molecules or
with dissolved oxygen in the solution;

R +RH-RH+R’ (20)

R + O, » ROO

Termination stage when radicals recombine betweem

R +R - R-R (21)
R +'OH - R—OH (22)
"OH +'OH = H,0; (23)

Other oxidants like; HRnGs;, XeF, OF, are extremely reactive, harmful in their

reduced state and tend to form carcinogenic trihathemes with organic materigis**®

Thus only oxygen based oxidants which do not cantaither metal nor halogens are suitable

for water treatment.
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1.2.3.2. METHODS FOR HYDROXYL RADICAL GENERATION: A OPs

As already pointed out, there exist several waygeoerate hydroxyl radicals. The
possibility to generaté®OH in different ways makes AOPs very versatile teghes because a
proper technique can be applied in order to conaplly the specific treatment requirements.
Nonetheless, AOPs make generally use of chemiegkerds as D, or O3, more economical
ways of treatment must be considéfédA combination of AOPs with other economically
more acceptable water treatment technologies as hdlogical techniques can be also
applied49‘15o’15.l

Concerning the possibility of AOPs application pathn load, generally expressed as
chemical oxygen demand (COD), is a very importantdr because it indicates if waste water
with a given content of COD can be suitably treddgdAOPs. In fact, only wastes with
relative low COD (5.0 g tor less}* can be effectively treated by means of AOPs since

wastes with higher COD content will consume langmants of reactants.

A classification scheme of advanced oxidation psees is given below (Fig. 1) and
then the description of each AOP model separa@ynprising their principles and the

reaction mechanisms. AOPs can be divided in founrcgral groups depicted in the schema

below.
AOP
I
I I I |
ot Hvdrogen peroxide Electrochemical
i etrogetnleogs Ozonation y bags ed :OP advanced oxidatin
photocatalysis processes
TiO, / UV B 0, B H,0,/uV — Anodic oxidation
B B H,0, / Fe?*
0,/ UV 272 . —  Electro-Fenton
(Fenton's reaction)
05/H,0,, H,0,/ UV / hv
0,/H,0,/uV, 20,/ VV/
0,/Fe?*, 0,/Fe?*/UV (Photo-Fenton)
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Fig..ITentative classification of advanced oxidatioagasses.

1.2.3.2.1. Heterogeneous photocatalysis (TiQV)

This technique makes use of semi-conductors andlight to generate hydroxyl
radicals {OH) as active reagent in pollutants degradatinaccording to the band theory of
solids there are available energy levels for etersrin valence band of solids. These bands
are created from atomic orbitals such as 1s, 2srf2ifals and so on. If a band is created from
partially filled orbitals in separated atoms, tlesulting band will be only patrtially filled too.
So, there will be a number of unfilled orbitalsthre band for electrons to move into. The
electrons can easily move from one orbital to amgtland the solid will be an electrical
conductor. If the highest occupied band in a ctyistacompletely filled and the band gap
energy is too high, there will be no way for eleos to move and the crystal will be an
insulator.

Unlike insulators, in semi-conductors there is wdo band gap between the highest
energy of the filled band in the ground state dredlowest energy of the upper band that is
empty in the ground state. If the band gap is aajdr compared withsk (ks Boltzmann
constant, T temperature), some electrons from lemergy band will occupy states from
upper band and the crystal will conduct some eal@uotr This characteristic of semi-
conductors enables them to be suitable for difteagplications. In this section will be

discussed their involvement as catalyst in photalgtic degradation of pollutants.

Heterogeneous photocatalytic degradation of orgguliutants, as the case of
TiO»/UV, has been subject of many studiéd® Among many catalysts tested so far, JiO
seems to be the most attractive owing to someébatas such as good performance, low cost
and high stability">**®**” As mentioned above the electronic structure ofismnductors is
constituted of available energy levels called barttie lower one which is filled with
electrons is called the valence band and the uppeicalled the conducting band. If the semi-
conductor particles are exposed to an energy s@asddV radiation exceeding the energy of
band gap the electrons will be excited from therneé band to the conducting band leaving a
positive hole (f) in the valence band and an electropifethe conducting band. This process

is shown on the figure 2.
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Conducting ———> o) H

band //
50 )

Vo,
HO, > H,O,
Bandgap
€ i CO, +H,0
hy HO > R —> —> "7
OH
Valence band > H.O

Fig. 2 Hole-electron pair generation during heterogesgawtocatalysis with Ti©

and the mechanism of action on organic molecules.

TiO,+hv 2 e +h (24)

The photon energy must be exactly of the value eged excite electron to the
conducting band in order to avoid its interactioithvother matters in the solution. The band

gap energy for Ti@is 3.02 eV which is equivalent to a 400 nm radiativavelengttr?

The hole in the valence band can react with a@sbviater or hydroxide ions at the
surface to form hydroxyl radicals (reactions (28§ g26)). On the other hand, conducting
band electron can reduce adsorbed oxygen to fomopgroxide radicals which further are

transformed into hydroxyl radicdf§*°®
TiO(h") + HaO(ags) = TiO2 + "OHgags)+ H (25)
TiO(h") + OHagsy= TiO2 + "OH(aas) (26)
Whereas from the £ produced in reaction (27) hydrogen peroxide cao &le generated

(reaction (29):
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TiOx(h") + O, = TiOz + Oy (ads) (27)
02" (ads)+ H = HO,' (ags) (28)
2HO, (ads)~ H20z(ags)+ Oz (29)

Thus, more hydroxyl radicals can be produced fro@sgjenerated this way’**

H,0, + hv = 2°OH (30)
H,O, + Oz._ —+'OH + OH + 07} (31)
H,O, + € — ‘OH + OH (32)

Some adsorbed substrate can be directly oxidizedldxstron transfer at the catalyst (3O
surface, because thé and H potentials are sufficient to oxidise many orgamiolecules;
+0.5 V to -1.5 V versus SHE and +1 to 3.5 V verSHE respectivefy®*°:

Tioz(h+) + Sads) = TiO2 + S+(ads) (33)

Unfortunately a considerable part of electron-hpérs recombine reducing the quantum
yield.

TiO, has been largely studied at concentration of otdet™ to 5 g L'~. This catalyst
can be utilised in suspension form or immobilt§&d> It is biologically and chemically
inert, insoluble and cheaper than other catalyziré3, FeO;, CdS and ZnS. Currently there
are many research on the fixation of Ti@n various support to avoid its separation from

water after treatment.
1.2.3.2.2. UV-photolysis

The degradation of organics in solutions can be edslised by exposing the sample
to UV irradiation sourc@*®> Direct photolysis involves the interaction of lptént
molecules with light to bring about their fragmeida in intermediates as follows;

R+hnv—S (34)

S+h—-CO+HO (35)
It has been shown rapid degradation of organiaupmils in dilute solutiori&. However, the

most of these methods require long residence tintk cnsiderable energy consumption.
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They are less effective than methods where radiaiocombined with hydrogen peroxide,

ozone or heterogeneous catalyst.

1.2.3.3. METHODES BASED ON OZONE

1.2.3.3.1 Ozonation

The development of large scale ozone generatorggalith reduced operating cost
has enabled its use for the treatment of effluentsaining hazardous pollutatfts'®®16917°
Compared to some other oxidizing agents it is nmedfieient and not harmful for most of
living organisms, because no intruder substanaeadded in the treated water.

Ozone is an oxygen allotrope )OIt boils at -112°C and is an explosive and highly

reactive endothermic blue ga§®°= +163 kJ mal). It decomposes into molecular oxygen:
203(gas) ™ 30z(gas) (36)

but this reaction is thermodynamically non spontassein the absence of UV light or a

catalyst since it requires energy to occur.

Ozone has a sharp odour from which is derived ieeiename “Ozein” that means “to
smell”. It is a diamagnetic molecule. The ozoneeuale is angular and has a bond angle of
117 1. Gaseous ozone is blue, liquid ozone is blue-bladki, solid zone is violet-black.
Ozone has low water solubility and it is relativelystable in water undergoing a pretty fast
decomposition. Its half life time at 2 is between 20-30 mih’? in basic media this

decomposition is accelerated by the presence 6f-GH

Ozone is a very strong oxidant with a redox pogrdf 2.07 V/SHE (at 2&&). It is
exceeded in oxidising power only by, fO, ‘OH and perxenate (Xed) ions. Thus ozone can

oxidize many organic compounds and this makesrit useful in water treatment.
Oz +2H 2 HO+ O (37)

But for the usage of ozone it must be produced siterwhere it will be used in order to

avoid the transportation risks as it is exploslteformation reaction can be written;

30x(gas) ™ 205(gas) (38)

62



This reaction igndothermic and some energy is required to brirapdut. As the ozone is
unstable at high temperatures the energy must w@dad from a radiation or electricity
source. In practice it is produced by electricactarges.

The degradation mechanism of organics hyirOwaters depends on the pH. At low
pH the direct oxidation will take place whereas hagher pH the indirect process by
intermediate of hydroxyl radicals is preseft® If the ozonation is developed under acidic

60174 will be slower and

conditions the decomposition of ozone which is edusy OH ion
consequently the production of hydroxyl radicaldl we limited. So the main pathway in
organics destruction remains the direct oxidatidmclv is selective and quite slow with
kinetic rate constants of 1-1@nol* L s In direct oxidation, ozone reacts with organic’s
functional groups through electrophilic, nucleophiand dipolar addition reactidf$'’* The
indirect oxidation is developed through hydroxylical formation which reacts immediately
and non-selectively with organic matter. This psescas initiated by hydroxide anions
(reaction (39) and is much more rapid than thectlioidation and occurs at high pH values

following a very complex pathway described belthv

Initial stage:
O3 + OH = HO, + O, k =70 mbL s* (39)
O3+ HO, 2 'OH+ Q" + O, k=2.8x fanor* L s* (40)

Propagation stage:

O3+ 0 = 05 + O k=1.6 x1fmol* L s* (41)
0"+ H e HOS pK 6.2 (42)
HOs = ‘'OH + O k=1.1x%@ol*Ls* (43)
"OH + O; » HO,' k=2.0x1@or* L st (44)
HO, — HO, + O, k=2.8 x1dor* L s? (45)
HO,» O, + H' pis 4.8 (46)

Termination stage:

"'OH + CQ2 — OH + COy™ k=4.2xfonol* Ls* (47)
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"OH + HCQ — OH + COy k=1.5x I0nor* L s* (48)
Pollutants degradation:

R +'OH — S (reaction intermediates) (49)
S +'OH—~ CO, + H,0O (50)

Normally, at pH < 4 the direct oxidations dominatat 4 < pH < 9 both mechanism are
present, and at pH higher than 9 the indirect payhvg the principal reaction. Further,
intermediate’s nature will depend on that whetlmner degradation will be brought about by
direct or indirect pathway. Ozonation for watemtraent is limited by ozone low solubility in

water and its explosive nature.

1.2.3.3.2. Ozone photolysis (O3/UV)

This is an effective method for the abatement &factory and toxic compounds as
many works have shown so fa'’®:177:178.179.180183 this method ozone saturated aqueous
solutions are irradiated with UV-C light &f = 254 nm in order to produce the hydroxyl
radicals. The molar absorption coefficient of 0z&m8600 L mofcm* much higher than the
molar absorption coefficient of hydrogen peroxitigys allowing a quantitative interaction
between ozone and UV radiation.

Photolysis of ozone will lead to the formationtieé hydrogen peroxide (reaction (51))

which is decomposed into 2 hydroxyl radicals under@irradiation (reaction (52)):
H,O + O3 + hv = H,0, + O, (51)
H,O, + hv = 2OH (52)
Moreover, hydrogen peroxide intensifies the ozomenthposition into hydroxyl radicafé:
20; + H,0, = 20H + 3G (53)

This method depends on the quantity of ozone seghpito the solution and the wave
length of radiatioff? It is limited by the turbidity of the solutionrsie the light will be

prevented to come in contact fully with the solutieading to some loss of the radiation.
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1.2.3.3.3. Ozonation combined with homogeneous abtsis (Oy/H20,, Os/H204/,
O4/Fe**, O4/Fe”*/UV)

The oxidizing power of ozone and ozone/UV reageats be enhanced considerably
by the use of some catalysts. The addition of hanegus catalyst as;,&,, has led to the
shorter residence time for the treatment of patitstd>18418>181870z0ne reacts with 0,
when it is present in solution in the form K@ give hydroxyl radicals, whereas its reaction
with the undissociated formJ8, is very sluggish (k < 0.01 mblLs™) so it can be neglected.

O3+ HO, > 'OH+ QO + O, (54)

H,0; + O3 = Hy0 + 20 (55)

Other interesting catalysts to be combined withnezare iron (11) and iron (Ill) in absence or

presence of UV ligHg818%19

1.2.3.4. HYDROGEN PEROXIDE BASED AOPs

1.2.3.4.1. Hydrogen peroxide photolysis (#D,/UV)

Both, HO, and UV irradiation can be used separately to &ehtee degradation of
some contaminants, but their combination gives aereffective mean for water contaminants
treatment®>!%2 UV irradiation of 200-280 nm (Withmax = 260 nm) possesses the necessary
energy to induce the homolytic decomposition ofrogen peroxid®>***producing hydroxyl
radicals.

H,O, + hv = 2°OH (56)

In this case the main oxidant acting on pollutateggradation is hydroxyl radical, implying
that the rate of oxidation depends on &l production rate. But this reaction is limited by
the low absorption coefficient of 8, (¢ = 18.6 mol L cmi* at Amax = 260 nm) However, it
was found that the rate of,;8, photolysis is pH dependent and it increases &t pig values.
This happens because at high pH the peroxide ad®@n may be formed which shows a
higher molar absorption coefficient £ 240 mot'L cm™) %> at 254 nm than $D.

HO, + hv = "OH + (1/2)Q" (57)

The presence of other species in the solution wélddorbs the radiation and turbidity reduce
the quantum vyield of reactions (56) and (57) andsequently the efficacy of pollutants

removal.
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This method has already been commercialised becdiiserelatively low economical

cost.

1.2.3.4.2. Fenton’s reaction

This technique is based on hydrogen peroxide adtioluding catalytic amounts of
Iron (I1) salts. The use of this mixture of reagentiginates from early works of Fent8h
concerning the oxidation of tartaric acid. Whernthe tartaric acid solution was added iron
sulphate and hydrogen peroxide followed by alk&ibsait got violet coloured. So, Fenton
proposed this reaction as an identification testdaiaric acid. But the use of this mixture of
reagents, bD./F€* nowadays called the Fenton’s reagent, is congidienethe oxidation of
organic compounds began later by 1930s after @abhdiechanism for the decomposition of
H,O, was proposed’. Afterwards, the Fenton’s reagent for the useéstmiction of toxic
organic compounds became very freqlrf®199:200.201,202,203,204
It has been accepted that Fenton’s reaction insladseries of reactions initiated by

the principal reaction between®, and F&" in acid medium given below;
H,0, + FE* —» Fe" +'OH + OH k=63Lmdls® (58)

The generation of hydroxyl radicaldOH) during this reaction has been defiffédand
confirmed by different methods such as chemicabg@soor spectroscopic techniques namely
spin-trapping®®?°” Also by means of pulse radiolysis, many workscesning rate constants

of the reactions involved in Fenton’s chemistryéaeen carried offf.

For the Fenton’s reaction to take place, only supantities of iron salts are needed
because iron (Il) is regenerated from the so-caledton-like reaction between excess of

hydrogen peroxide and iron (lll) formed by react{68):
FE* + H,0, » FE" + HO, + H' (59)

This is not a direct reaction as iron (lll) firsttprms an adduct with hydrogen peroxide,
reaction (60) and then this species gives the mxgézd iron (II) and hydroperoxyl radical
HO," (reaction (61)):

FE™ + H,0, 5 [Fe(HO))*" + H' k=3.1xIOL mol*s*  (60)

[Fe(HQ)]** = F&* + HO, k = 2.7xF0L ®moltst  (61)
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Hydroxyperoxyl radicals H® produced in this reaction have less oxidation paveenpared
"OH and do not react strongly with organic molectife<Considering reaction rate constants
we can see that reaction (59) is much slower themtda’s reaction (58), and consequently
Fe?* regeneration due to this reaction is not verydapnyways, F& ion can be regenerated
due to some other very rapid reactions: a¥ Feduction by HQ" reaction (62), a reaction
(63) with an organic radical formed during init@ganic molecule degradation ByH and a
reaction (64) with a superoxide anion,{{p*#%%1°

Fe' + HO, » FE" + O, + H' k = 2xfa mol* s* (62)
Fe*+R - F¢é + R (63)
FE'+ O, = FE€" + O k = 5xiQ mol* s* (64)

The species which contribute in #Feregeneration are produced in reactions denoted

b9|OWl40'211'21.2
H,0, + ‘'OH = H,0 + HO,™ k =2.7x1@ mol*s? (65)
HO," S H + O, pK 4.8 (66)
RH +'OH - R + H,0 k=%a0’ L mol's? (67)
ArH + "OH — ArHOH' k =10 L mol's? (68)
ArHOH" + O, = ArOH + HO,” (69)

Although these reactiommable the Fenton’s reaction to proceed for a gesfdime, some of
them play also a negative role towards the Fentmestion rate. In the reactions (59) and
(65) FE€" and"OH act as scavengers of® destroying it in competition with reaction (58).
The organic radical Roarticipates in F& regeneration but also in Feoxidation by reaction

(70), along with dimerization reaction (71):
R +Fe"+H - RH + Fé" (70)
R +R — RR (71)
Some other reactions involved in Fenton’s chemisteyalsé™

Fe* +°OH - Fe* + OH k = 3.2xian’mol’s®  (72)

67



FE* + HO, + H' —» F&* + H,0, k=12x10L mol* s (73)

Fe* + O, + 2H = Fe* + H,0, k = 1.0x10L mol* s* (74)
O, + HO, + H = H,0, + O, k=9.7xY@ mol*s*  (75)
HO, + HO, = H,0, + O, k =8.3x}@ mol*s*  (76)
HO, +'OH — H,0 + O k=7.1x1amolts* (77)
O, +'OH— OH + O, k =1.01xfa mol*s* (78)
"OH +'OH = H,0, k = 6.0XxW0mol™* s* (79)

The inhibiting role of these reactions restrict fadues of several experimental variables, for
instance the occurrence of reaction (72) decretts®sconcentration of E&ions in the
mediunf*** and along with the reaction (65) they are the marasitic reactions that
decrease the oxidation power of Fenton reagenterQ#mctions (75-79) are not significant
because of the relatively low presence of radipakcgs in the solution in comparison with

other non-radical molecules.

It has been proven that radical scavengers playmgortant role in the rate of
Fenton's reaction. Such species are chloride, stépdyad nitrate iorf$>. Anyways, in many
studies this behaviour has not been observed. f@sepce of some other oxidizing agents has
also been pointed dif. There have been some experimental works whick bewght some
evidence over the existence of high-oxidation stamn complexes under certain
condition$’’. So, the formation of mononuclear*F®xo-complex was proposgd which

can oxidise organics only by electron transfer:
Fet + HO, = [Fe(OHY)* — F€* +"OH + OH (80)

Thus, researchers found an agreement between hydradical and ferryl ion-complex
mechanisms predominating one or other dependingherparticular operating conditions.
The co-generation 6OH and high-oxidation state oxo-iron complex hasrbdemonstrated
by time-resolved laser flash photolysis spectrogttp

[F€"*-OOH[" = (F€""-O"+ F¢'*=0) +'OH (81)
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The [F€*-OOHJ* is an excited state species and the overall @actn be interpreted as an
intraligand reaction. On the basis of these resuhias been proposed that ferryl formation in
secondary reactions under classical Fenton condiaanot be ruled out.

The Fenton process efficiency is depended of mapgrémental variablé$’, as: pH,
[Fe], [H-O;] and temperature. The concentrations of*Fend HO, are the most
fundamental parameters. The efficiency of the @eds strongly related to the solution pH.
The most favourable pH values for the Fenton readt proceed are 28pH > 3.0 because
at these values the majority of the total iron sggem the medium are present in the form of
Fe?*. When the pH is lower than 2.8 the predominantigseof iron present in the solution is
Fe’* as [Fe(HO)*" or barely F&, deteriorating reaction efficiency. At pH = 1 oxyy
concentration does not change, and this probaldguse of the stabilisation ob&, with H
in HzO," (solvation of H with H,O,) which reduces the reaction with%eThe Fenton’s
reaction will also slow down when the pH exceedsQ@lvalue of pH 3.5. In the case of pH >
5.0, iron ions will precipitate as Fe(OHhus the catalyst will be removed from the solutio
and consequently the Fenton reaction efficiency slaewn. At pH = 4.0 hydroperoxy
complexes such as [Fe(Hg" and [Fe(OH)(HQ)]" are the dominant forms of iron.
Temperature is another influencing parameter. Hte of Fenton’s reaction increases with
the temperature but simultaneously the degradatidtwydrogen peroxide in £and HO does.
The optimum concentrations of catalyst*Fand HO, are depended on each other and
experiments are done in the basis of optimisationheir ratio instead of studying them

separately.

There are some advantalfé$°?*! related to the Fenton treatment of polluted veater

among them we can mention the following advantages:

e Simple and easy operation.
» Easy to handle chemicals.

» No energy consumption.
Whereas as disadvantages can be highlighted tloevings:

* Relatively high cost and risks related to the tpamsand storage of 4D;.
* High amounts of chemicals to acidify the efflueatsfavourable pH for the
Fenton reaction and neutralise the effluent aftertteatment.

* High iron sludge quantities at the end of treatment
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* The complete mineralisation is not attained becaigbe formation of some
iron (Ill) complexes with carboxylic acids that cem be destroyed by bulk
hydroxyl radicals.

Anyways, some of these drawbacks can be reducew.sludge can be prevented by using
solid iron-coating catalysts such as zeolites, alamron-modified clays, ion-exchange resins
etc. On the other hand to improve the efficienc¥enton's process can be coupled with other
techniques such as biological oxidation, membraltratfon, coagulation and light assisted

Fenton (photo-Fenton) procé%25223,224,225,2g6
1.2.3.4.3. Photo-Fenton (bD2/Fe*/hv)

Fenton’s process for polluted water treatment aanrproved by combining with UV
photolysis in order to enhance the degradationticracate?”*2422? When the solution under
treatment with Fenton’s reagent is irradiated Wit light, supplementary hydroxyl radicals
are obtained from reaction (56) resulting to themfation of more radicals in the medium.
Apart this F&" liberated from [Fe(OHJ] will catalyse the Fenton’s reaction (reaction §82)
230.

[Fe(OH)F* + hv = F&* +'OH (82)

thus avoiding large accumulation of’Fand providing F& necessary. This reaction allows
maintaining Fenton’s reaction operative for longere. The quantum vyield for the reaction
(82) was found to be 0.14-0.19 at 313 Hifh

Additionally, UV irradiation can degrade some atidn by-products or break down
the bonds (reaction 833°in complexes formed between iron and carboxylidsasupporting

the regeneration of Ee
Fe(OOCR}" + hv— Fé*+ CO, + R (83)

For example complexes that iron(lll) can form withrboxylic acids such as Fe(@),
Fe(GO,), and Fe(@D4)s> can be decomposed by irradiation of wavelengthd280 nm
according to the reaction (84)"

2 Fe(GO.) %+ hv— 2 Fé* + (2n-1)GO,* + 2 CQ (84)

The use of irradiation lap (to provide artificisght) with restricted life time is a

drawback of this process as well as consideraldiedgen peroxide concentration needed. Its
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cost can be reduced if the UV radiation is replasgtl solar light as it has been shown in

some work&1:232:233

1.2.3.5. ELECTROCHEMICAL METHODS

Electrochemical destruction of pollutants in aquatiedium involves, in the destruction
process, the action of electrons, coming from aetursource. The electrochemical treatment
is brought about in an electrochemical cell withih use of specific expensive and relatively
dangerous reagents. This permits a very good cang#i with environmental requirements.
Two electrochemical methods are distinguished:

I.  Direct oxidation of organic molecules on the anmieface which includes two
mechanisnfs* (explained below).
II. Indirect oxidation realized by in-situ generatioenkon’s reagent on the cathode

compartment called electro-Fenton proé&ss

These two methods constitute the subject of thisishand will be discussed in the two

subsequent sections.
1.2.3.5.1. Anodic oxidation

During the anodic oxidation of organic pollutani® tmolecules can be oxidized by
two principal mechanisms; direct electrochemicact®n via electron transfer between
electrode (anode) and molecule, and indirect oxadatia oxidants generated on the anode,
called also mediated oxidatioi The direct electrochemical oxidation occurs belihe
oxygen onsepotential and it subsides above it. At the oxygealwion potential, organics
oxidation proceeds in competition with oxygen ewvolot reaction (OER). Thus, the
degradation of pollutants will depend on the meckranof OER which strongly varies with
the electrode (anode) matefidi**®#*° Generally, anodes exhibiting a high overpoterital
OER show better efficiency on organics degradatMany electrode materials have been
studied for their electro-catalytic  properties tods| organics  oxidation
efficiencyf?0:241:242:243,244,245,246, 241,248 28 na of the anodes representing low overpotefutal
OER is iridium dioxide Ir@ based dimensionally stable anode (D8A)The evolution of
oxygen on these types of anodes is thought to andiwree steps and involves the change of

oxidation state of the metal oxide during watercd&gge according to the simple reactions
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(85) - (87F°% The first step is the charge transfer by the hdisge of water, with the
formation of active species on active sites ofé¢hede surface:
M + H,O = MO,(OH) + H + € (85)

The second step is a second electron transfervatepthe deprotonation of the adsorbed

hydroxy species:
MO,(OH) = MOy:1 + H + € (86)

And the third one is the formation of oxygen molesuand the regeneration of two active

sites on the surface:
MOy+1 = MOy + %2 Qg (87)

In another work® a similar scheme for the oxidation of isopropaonlirO, based anodes
was proposed. Firstly the 1@ oxidised to Ir@ via hydroxyl radicals according to the global

reaction (88):
(Ir0y)s + HXO S (IrOs3)s + 2H' + 2€ (88)

Then the chemical oxidation of adsorbed isoprop&malcetone by the electrogenerated;/rO

reaction (89):
(IrO3)s + (CHECHOHCH;)ags (IrO2)s + (CH;COCH)ags + H,O (89)

And also, oxygen evolution in competition with reac (89) via decomposition of surface

IrO3 according to the reaction (90):
(IrO3)s = (IrO2)s + Y2 Oy(g) (90)

The OER is the prevailing process leading to lovgrddation efficiencies and loss of

electrical energy.

At high oxygen evolution potential electrodes tinganics oxidation process follows a
different mechanism. The most remarkable high orygeolution overpotential electrode is
boron doped diamond (BDBY. This electrode is prepared by chemical vapour siépa of
methane mixed with metallic boron or B(O@kas doparit*?>> Titanium, niobium and
silicon and other materials can be used as subswathe diamond deposititi#°°?°” The
water discharge on BDD electrode is thought to otawugh a path giving hydroxyl radicals
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as intermediate specfd® A simplified mechanism for the organics oxidatimmboron doped

diamond electrodes has also been progdsed

First the discharge of water molecules producigdrbxyl radicals physisorbed on
BDD surface as very reactive oxidising agents (rea¢91)):

BDD + H,0 = BDD(HO') + H" + € (91)
Then the oxidation of organic molecules:

BDD(HO) + R— BDD + ROH (or R + H20) (92)
And the competitive oxygen evolution reaction:

BDD(HO) » BDD+% Q+H +¢€ (93)

BDD electrode is considered a high overpotentialgex evolution anode, so the oxygen
evolution reaction is much less intensive in congoer with case of DSA type anodes.
Nevertheless, a considerable electrical energyasted because of OER. Hydroxyl radicals
generated cannot oxidize diamond neither they heenecally adsorbed on diamond surface
but they are physically adsorbed. The fact thay thee loosely adsorbed on the electrode
surface let them quasi free so that they can mitlstother substances which are found in the
vicinity of the electrode. So the oxidation of angapollutants by hydroxyl radicals takes
place only at the electrode surface because tlfesitih coefficient of hydroxyl radicals is

very low**’ (because of its high reactivity).

The pollutant’s degradation takes place in the tsalkition also via other oxidants generated
on the anod@®?®! Other oxidants originate from the supporting efeyte. If sodium
sulphate is used as supporting electrolyte thexydisulphate anions will be present in the
solution, following the reaction (9%):

2SQ% - S,05° + € (94)

Whereas when the supporting electrolyte is sodibtaritle, Cl is expected to be oxidiz&d
either by direct electron transfer at anode surtacdey a reaction witfOH in the vicinity of
electrode, reactions (94)-(101):

2C[ - Clp + 26 (95)
"OH + CI - CIOH" (96)
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CIOH" 5 CI'+ OH (97)

CI'+ Cl - Cl," (98)
Cl,” +'OH — HOCI + CI (99)
Cl, + HLO = HOCI + H + CI (100)
HOCI - H* + OCI (101)

Therefore BDD electrode has very interesting prigemwhich make it versatile. Its use in

polluted water treatment is outstanding and manyksvbave been dedicated off1£?°*26°:26°

1.2.3.5.2. Electro-Fenton process (Indirect electaemical oxidation)

The Electro-Fenton process is an indirect elecentbal method for the destruction
of toxic and/or persistent micro-pollutants in amtnated watef4?*> This method is based
on the Fenton’s reaction chemisti?®® As described in one of the previous sections
Fenton’s reagent (#, + F€") is used to produce very reactive hydroxyl radi¢@H that
are used to eliminate toxic organic compounds faontaminated waters. In the classical
Fenton process, 40, and Fé&" are externally added to the reaction medium and the
concentration of target molecules is monitored luihie depletion of oxidising agents. As
already mentioned the complete mineralisation dlugemnts is not achieved because of the
Fe** inactivation by ligand action of carboxylic acitfs but also because of the mere
Fenton’s reagent consumption. Whereas in the eléanton method, Fenton’s reagent is
produced directly in the polluted water to be teelft200201:268.269.270.271.2712.218 £+ 5 added
in the solution in a catalytic quantity as an isait and it is continuously regenerated on the
cathode surface via the one electron transfer)ciiea (102)) from F& formed during
Fenton’s reaction (58):

Fe* +e - F&* (102)

On the other side #D, is also electro-generated at the cathode fromtwe electron

reduction of oxygen in acidic media (pB) according to the reaction (103):
O, + 2H + 26 - H.0, (103)

Whereas its reduction to water by reaction (104pvsided by choosing a potential (or

current) more positive than that of this secondicéidn step of @
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O, + 4H" + 46 - 2H,0 (104)

The oxygen needed for this reaction is introducethée solution by bubbling compressed air
(or oxygen). Thus, the oxygen reduction includes dmsolution of oxygen gas in the
solution, its transportation to the cathode andllndne reduction to hydrogen peroxide.
Some oxygen also comes from the naturally oxygesadlition in water according to the

Henry’'s law and the oxygen evolution on the anadmfwater discharge (reaction (107)):
H,O - % O+ OH + € (105)

Once HO, and F&" produced as described above, they react followinghe Fenton’s
reaction (reaction (58)) to give hydroxyl radicalkich in turn oxidize organics. Afterwards,
Fe** generated in reaction (58) reduced t&6'Fecording to reaction (102). On the other hand
H,0, keeps being produced electrochemically at the dath&o, the Fenton’s reagent is

continuously supplied in the electrochemical aeldicatalytic way.

Apart the electrogeneration reactions of Fentoe&gent, parasitic reactions exist too
and their intensity depends on electrochemical celhfiguration and other operation
conditions. For example in an undivided celf'Fean be electrochemically oxidized to*Fat
the anode:

Fé' - Fé +e (106)

Fe** can precipitate in the very vicinity or in the psrof three dimensional cathodes as
Fe(OH) because of the basic conditions created by watkrction.

Hydrogen peroxide accumulation in the system asicthbility depends on working
conditions**. Some usual parasitic reactions are reactions (40d)itself decomposition to

oxygen and watéf* (reaction (109)):
2H,0; = Oy + 2H,0 (107)

A parasitic reaction related to the cell configimatis its oxidation on the anode if an

undivided cell is used. This reaction involves loglroxyl radicals as intermediates:
H.O, = HO, + H + € (108)

HO, » O, + H' + & (109)
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So all possible parasitic reactions make the acttion of hydrogen peroxide be lower than
levels expected from its electrogeneration. Itsidieation and dosage in the solution can be
done by different methods, one of them is the spphbtometric determination based in the

Ti(IV)-H »,0, complex which gives a yellow colour and absorb$14x nm?”>.

It is worth noting that all parasitic and regeniemtreactions of pD, and Fé&'
involved in the Fenton’s chemistry can accounttfar electro-Fenton process also. However,
some parasitic reactions as those betw&gsh and HO,, ‘OH and F&" which are the most

important ones are reduced or eliminated.

1.2.3.5.3. Influence of the experimental parameteisn the electro-Fenton process

Many experimental parameters affect the electrodremtficiency process. Among
them the most important ones are: solution pH,lgsttaconcentration, electrode material,

applied current, temperature and oxygen or air fats

e The influence of pH

Electro-Fenton process efficiency is strongly depandn solution pH as already
discussed for the Fenton’s chemistry. Several wheke shown that the optimal pH value is
2.8-3 where a maximum generation of hydroxyl radieeas observed®?’” For pH > 3.5 the
rate of mineralisation of organics starts to sloswd because a part of Feprecipitates as
Fe(OH). At pH < 1 it becomes very slow since’Féorms complexes with ¥D, and SG*.
The nature of acid utilised for pH adjustment adl ag the nature of supporting electrolyte
affects also the rate of pollutants degradationtiv@aacid and salt anions involvement in the
oxidation processéS?’® At low pH the formation of iron complexes with"@nd CIQ’ is
also possible whereas $Oapart the complexion action scavenges hydroxyiceds too. It
has been found that the removal rate of orangesdtahses with the acids utilised for pH
adjustment in the order: C}O> CI >> SQ? 2™

» Catalyst concentration

The catalyst is one of two fundamental reagenthefelectro-Fenton process and its
importance is crucial*?® The rate of degradation reaction increases whith ¢atalyst

concentration until a given value owing to the msi#ication of Fenton’s reaction (58). Then
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after a certain concentration a reverse effecb&seoved because of the parasitic reaction (72)
which consumes hydroxyl radicals in competition hwirganics oxidation following the
reactions (67)-(68). Thus, an optimal concentratiboatalyst is required in order to attain the
maximum rate of contaminants oxidation. This optimeoncentration depends on the nature
of the cathode utilized in the process. If a carlfelt cathode is utilized the optimum

concentration for F& is 0.1-0.2 mmol ! at pH = 3%"+%%!

whereas higher concentration is
required in case of carbon-PTFE gas diffusion edeets (GDE), namely 0.5-1.0 mmol*L
Fe* range is the optimuff®?®? Greater concentration of catalyst for the GDEteteles is
necessary because of their lower ability of ‘Fegeneration in comparison with carbon felt
cathodes. Moreover, J, is produced in greater extent at GDEs so a greateentration of
Fe* is required to intensify reaction (58), otherwiparasitic reaction (65) with the

production of HQ" (week oxidant) can become important.

* Applied current

Fenton’s reaction driven by electrical current ngla@ectro-Fenton a remarkable
method for polluted water treatment. The currentiaggproduces and maintains® and
Fe?* concentrations during electroly&$2®® The variation of current affects the production
rate and the concentration ob® and F&" and consequently the rate of degradation of
organic molecules. When the current intensity isaased the quantity of,@- in the solution
increases owing to the acceleration of reactior3)18n increase of current intensity results
in a more effective Fé regeneration too (102). Since the concentratidootti HO, and Fé*
is increased with the current intensity, the qugrdf hydroxyl radicals will be higher and as a
consequence faster organics removal are acHitgl&a?2°2%’ Nevertheless, the acceleration
of organics degradation reaction rises until aamercurrent intensity beyond which no
improvement of the efficacy of process is obsef&d*#*° This limiting degradation current
is a consequence of parasitic reactions which ctenpéh G reduction to HO, (reaction
(103)) namely the hydrogen evolution reaction oth@de. At high current intensities mass
transport of @ and F&" towards cathode becomes the rate determining sfefhe
electrochemical reactions of production 0§04 and F&', thus any increase in current
intensity beyond this limit will lead to a loss efhergy without any improvement in the
treatment process. Low current intensities givelupahts removal with higher electricity
effectiveness but longer electrolysis, and if therent intensity is considerably low no

significant remediation of water is attained.
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The use of other catalysts other thaf"Fe also possible. Among them €pCif* and
Mn?* have been tested showing that optimal concentsitiary from one to other?%

« Temperature and oxygen or air feed*

Oxygen is feed continuously in the solution byadiucing compressed air or oxygen.
This provides a saturated solution with oxygen &ach maximum (D, production.
Temperatures up to 35-40°C enhance hydroxyl radmahation, but higher temperatures

enhance at the same time hydrogen peroxide decdtiopaand other parasitic reactidfis
 Electrode material

Electrode (cathode and anode) material plays a wmepgrtant role on electro-Fenton
process since the principal reagents (oxidantsy@nerated on. Thus, this thesis is devoted to
study the role of electrode material on electrotbertreatment of polluted waters. Many
cathodes have been studied so far for their pedoo® in the electro-Fenton technology for

water treatment, such as: grapfité®> mercury® carbon-PTFE @gas diffusiof®™ %%}

carbon felt?22%°2% reticulated vitreous carbon (RVE} carbon spond& and carbon
nanotube®?3** However, to the best of our knowledge, therelie®n no a systematic study
to compare the performance of these materials nd the better one for the process.
Therefore, such a study constitutes the subjetttiothesis.

A cathode material for electrochemical water treattrmust have some characteristics
that make them fit to the electro-Fenton processcathode must have high hydrogen
evolution overpotential in order to provide highdhygen peroxide yield with high current
efficiencies, low catalytic activity for hydrogen rp&ide decomposition, chemical and
physical stability, good electrical conductivitycalow economical cost. Some materials like
mercury support kD, production, however they are very toxic so notfulséor water

treatment.

Carbon is a very appropriate material for environtak application as it does not
show any toxic effect towards living beings andresgnts all the characteristics required for
electrochemical water remediation. Consideringfélog that oxygen is poorly soluble in water
three dimensional large surface area cathodes eeeled to obtain reasonable current
efficiencies in pollutants removal. Such electrodes GDEs with thin and porous structure

favouring the circulation of injected oxygen thrbugs pores until the solution electrode
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interface. These electrodes allow fastr€duction to have D, accumulation owing to high
number of active sites on their surface. GDEs arestituted of carbon particles bonded with

PTFE in a cohesive layer.

Carbon felt is a three dimensional large specifidaxe cathode where the Fenton’s
reagent generation takes place very rapidly. In pameon with GDEs there is a lower
accumulation of the pD. because its D, generation ability is lower than that of
GDES**?% Contrarily, the regeneration of ¥eat carbon felt is faster than at GB®s
leading to lower accumulation of,8, because hydroxyl radicals are immediately produced

through Fenton’s reaction.

Anode material is another source of oxidants tlati@pate in oxidation of organic
matter. Different anodes used in direct anodic atxah can be used for electro-Fenton. When
a high overpotential oxygen evolution anode is usgttoxyl radicals can be generated from
the water discharge along with other oxidants I&©s*, CIO etc. depending on the
supporting electrolyte present in the solutionfdet, the supporting electrolyte plays always
an important role in pollutant degradafibhin extents varying from anode material. An
anode providing high concentration of hydroxyl s is boron doped diamond (BDD)
which is widely being used in environmental studsxl also for the particular case of

electro-Fentotf>288:302:303,304,305 thanks

to its distinguished performance for water
remediation. Nobel metals represent interestingerieds to be used for water remediation
owing to their resistivity in the very oxidising oliam in the electrochemical reactor for
organic contaminants destruction. Platinum is dne preferred anodes as it does not leave
toxic ions in the solutidi{®?*>3%3%7 Organics are oxidized directly on its surfaceel®ctron
transfer or by hydroxyl radicals generated in lavaitities, or by other oxidants in the bulk.
Parasitic reactions restrict the efficiency of oxioia on anodes too. Beyond a given potential,

O, evolution prevails greatly, reducing the orgarugglation at the anode.

In this work, for the comparative study on the @eigtion efficiency of different
electrodes tested, two organic molecules namelyxamtion (AMX) and Sulfamethazine are

taken as models which will be described in theofwihg sub-section.
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1.3. MODEL MOLECULES

Sulfamethazine [SMT] and amoxicillin [AMX] has be&ken as model pollutants to
estimate the effectiveness of their removal frommeaqis solution when a certain electrode
system is utilized.

The occurrence of antibiotics in the environmerdg haen firmly reported in several
paper§? 41398309310\ r|d production and consumption of pharmaceigibas been steadily
increasing. After the metabolic cycle in humanswimal’s organisms that have been treated
metabolites of medicaments pass in the envirorth&ntAs medicaments remains partially
unchanged during their metabolism in the organtbmy leave the body and can be found in
the environment as wé&l*® The main source of antibiotics in the environmést
anthropogenic input from wastewater discharge, meadisposal and aquacultéit Classical
waste water treatment plants sometimes are natiguff enough thus becoming a source of
contamination. Some authdts have reported that 80% of used antibiotics enber t
environment despite the use of various processesgte water treatment plants. Once they
are released, they come in contact with living argias threatening their normal life course.
A very serious effect is that the continuous expesaf bacteria to antibiotics can provoke
genetic transformation leading to the antibiotisise@nt bacterial speci£$§!*3 peing
harmful for human’s health and the natural orded difficult to treat.

1.3.1. Sulfamethazine

Sulfamethazine (SMT) is an antibiotic of sulphondesi class and is used in human
and veterinary medicine. Sulphonamides are symtlagtiibiotics with a broad spectrum of
action against Gram-positive and Gram-negative eoact They have also been used as
animals feed as growth promot&fs SMT is one of the most commonly used sulphonasnide
thus widely present in natural systéffig'®**"38|t has been observed that SMT represents
toxic effects to daphnia magna and synergism inptresence of sulfametaziigefertility
effects in micd*® and thyroid hormone homeostasis in ¥atsPhysicochemical properties of
SMT are given in the table 4 below. The £@nd LGy are the effects observed at times
given in the table.
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Table 4. General properties of sulfamethazine

Chemical structure

Molecular weight
CAS No

Solubility

pPKay

pKa

Log Kow

Koc

Vapor preasure
Half-life in

environment
Toxicity (acute)
(mg LY

/
O/ NH

i@
%M%

278.33 gmbl

57-68-1
15 gll 321
2.65 (aromatic aminéf*
7.65 (sulfonamide nitrogen)
0.89 %%
60-208.3%

8..62xtamm Hg at 25°C3**

1% after 64 days in loamy sand and
324

clay silt

Vibrio fischeri (bacteria) 5 min luminescenc803.G*
inhibition EGo

Algae (pseudokirchneriella 72 h growth EG 8.73%

subcapitata

Duckweed (lemna gibba) 7 days wet weight.27 7%
ECso

Invertebrate (daphina manga) 48 h immobilizatids 3%
ECso

Fish (oryrzas latipes) 48 h survival §C >100

325

The removal of SMT from waters has been studiegeweral works. Its adsorption on coal
and coconut based activated carbon has been stutiey@ similar removal efficiencies were
deduced for both types of activated carfdnTreatment of SMT by aerobic sludge and
isolated Achromobacter sp. S33° showed relative good removal efficiency and COD,
depending on sludge retention time where it in@dadsom 25.9% SMT and 25% COD to
83.9% SMT and 59.1% COD when retention time inaddsom 0.5 h to 4.0 h. Garcia-Galan
studied the removal of SMT from sewage sludge by wiete-rot fungus Trametes

versicolof*.. Chemical oxidatioft” and electro-Fenton biodegradability improvementeha

been also consider&d
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1.3.2. Amoxicillin

Amoxicillin (AMX) is an antimicrobial proscribed fothe treatment of different
disease and is considered as the most impditiadtam antibiotics. About 80% of the AMX
leaves the body unmetaboli§&twhereby it is expected to be found frequently aniipal
waters. Watkinsofi® reported its presence in hospital effluents, WWifuents, WWTP
effluents and environmental waters at maximal cotraéions of 0.9, 6.94, 0.05 and 0.2 g L
! respectively. AMX presence in the environméht’’338:339.340.341.342 gg  jts
fate®*3:344:345.34639h a5 been reported in several other papers. Diedfsets on Synechocystis
sp. (algae) have been reporf&d addition of AMX at the levels of mgt significantly
inhibited G evolution of Synechocystis sp., where treatmettih W50 mg [* AMX for 24 h
led to 80.5% inhibition in @evolution. Toxicity towards several other non-eegl species is
evident and has been considered up now in severies*®3°%*13%2 The phenomenon of
genetic modifications due to the AMX presence, acttbria which results with antibiotic
resistance, has been observed as*Well

Several AMX removal methods from aqueous solutiamehbeen studied. Watkinson
assessed the removal of 28 human antibiotics bynmef activated sludge and
microfiltration/reverse osmosis where he remarked low quantities of antibiotics remained
in the solution after treatmént Photocatalytic degradation using UV/Ei®ould remove
only partially the initial concentration of AMX®. Whereas b, addition (UV/HO./TiO,)
improved significantly the efficacy leading to comig removal after 20 min treatment, but
leaving still high COD. It has been demonstratedt thiodegradability of AMX can be
improved if it is pre-treated by the photo-Fentonges3®®. Some other methods for AMX
removal include Fenton procéss sulphate radicals under ultrasound irradidfion

Ozonatiori>®,
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Table 5°°° General properties of amoxicillin.

Chemical structure NH,
(C1eH19N30sS) mNH " .S
o) j——N
HO o
o OH
Molecular weight 365.4 g mol
CAS No 26787-78-0
Solubility in water 3430 mgtat 35 °C
pKa 2.8
Log Kow 0.87
Koc 8650.5

Vapor pressure
Half life time in environment

Toxicity (acute) (mg %)

4.69 E-14 (mm Hg)
30% degradation aféemonths in
laying hen feces
34% degradation after 8 day broiler feces

Microcystic aeruginosa Growth 0.0037
ECso
Oncorhynchus mykiss Hepatocyt 182.7
e toxicity
24 h EG
Lemna gibba Wet 1
weight,
chlorophyl
| seven
day LOEC
Vibrio fischeri IG: 5 min 1.32
Daphina manga EEc24 h >1.000
Moina marocopa E&24 h >1.000
Oryzias latipes E& 24 h >1.000
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CHAPTER 2

MATERIALS AND ANALYTICAL METHODS
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2.1. CHEMICALS

Chemicals used in this work were all analyticaldgs and has been used without further
purification. Pure water obtained from a Millipok&ill-Q system with resistivity > 18
cm™ at room temperature was used for the preparatiaail investigated solutions and for

HPLC measurements. A list of all chemicals usedanduthis work is given in the table 6.

Table 2.1. List of chemicals used in this thesigkwo

Chemical Marque CAS N° Molar masse (g/mol)
Sulfamehazine 99 % Sigma 57-68-1 278.33
Amoxicilline > 97 % Fluka 26787-78-0 365.41
FeSQ:7H,0 99 % Acros 7782-63-0 278.01
NaxSO, > 99 % Sigma-Aldrich 7757-82-6 142.04
K:SO, > 99 % Chimie-Plus 7778-80-5 174.26
NaOH> 98 % Fluka 1310-73-2 0.@0
NaCl>99.5 % Fluka 7647-14-5 58.44
KC>99 % Fluka 7447-40-7 74.56
FeCL 97 % Sigma-Aldrich 7705-08-0 18P
N&CO0;>99.8 % Riedel-de Haén 497-19-8 105.99
NaHCG; > 99.7 % Fluka 144-55-8 %0
(NH,)-C,04 99 % Acros 1113-38-8 124.10
NaNG; > 99.0 % Sigma-Aldrich 7631-99-4 84.99
H,0,>30 % Fluka 7722-84-1 34.02
TiCl; 99.9 % Acros 7550-45-0 189.71
H,SO, 98 % Acros 7664-93-9 98.08
H3PO, > 85 % Fluka 7664-38-2 98.00
HCI 37 % Fluka 7647-01-0 36.46
Acetic acid 99.8 % Riedel-de RHaé 64-19-9 60.05
Benzoic acid 99.7 % Prolabo 65-85-0 122.12
Glycolic acid 99 % Acros 79-14-1 76.05
Glyoxylic acid 98 % Acros 563-96-2 92.05
Formic acid 99 % Acros 64-18-6 46.02
Fumaric acid 99 % Acros 110-17-8 116.07
Oxalic acid 97 % Fluka 144-62-7 90.03
Oxamic acid 98 % Alfa Aesar 471-47-6 89.05
Pyruvic acid 98 % Aldrich 127-17-3 98
Malic acid 99 % Acros 617-48-1 134.09
Maleic acid 99 % Sigma 110-16-7 116.07
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Malonic acid 99 % Fluka 141-80-2 104.06
Succinic acid 99 % Acros 110-15-6 118.09
Tartronic acid 97 % Fluka 80-69-3 120.06
Methanol 99.9 % Sigma Aldrich 67-56-1 32.04
2-propanol 99.8 % Sigma Aldrich 67-63-0 60.1

2.2. ELECTROCHEMICAL CELL

Three electrochemical cells of different volumesséhdbeen used to perform the
electrolysis experiments: a 300 mL glass of 7.7dtameter, 250 mL of 6.6 cm and 250 mL
of 5.7 cm. In each case the cell was equipped tmthelectrodes, and the stirring magnetic
bar to provide good mass transport conditions. @sgltube was put in the cell to purge
compressed air to maintain the solution saturatgdd axygen during the experiment. For
anode testing experiments, a carbon felt cathodeb(@e Lorraine) of dimensions 23 cm x 7
cm x 0.5 cm was used to test the comparative effay of the anodes: boron doped diamond
(BDD), Platinum, (Pt) DSA/Ru@IrO, and carbon felt of 2 x 24 émiThe carbon felt cathode
covered the inside walls of the cell whereas thedaneas situated in the centre of the cell.
For cathode tests, a platinum anode was used dnodes (Carbon sponge 6 cmx 3.5cm x 1
cm and carbon felt 6 cm x 3.5 cm x 0.5 cm) wereratt. Amoxicillin oxidation trials were
performed using a stainless steel cathode of Z4armi the corresponding anode of the same
surface area placed in the electrolytic cell insatice of 3.5 cm between them.

Solutions of SMT of 0.2 mM concentrations were jareg for electro-Fenton
experiments. 0.2 mM catalyst Fpwas added as iron sulphate £5@,) as well as 50 mM
sodium sulphate (N8Q) as supporting electrolyte. In the case of;S@nalysis by ionic
chromatography N&O, was replaced by NaCl and J5&, by FeC} in order to avoid the
SO interference which comes from the supporting etéyte. Similarly for the analysis of
NH4", K,SQ, was added instead of p&0, as the retention times of NHand N4 are close
and some possible overleap of NHpeak by the Napeak is possible because of the high
concentration of the Naof the supporting electrolyte. Once the solutioepared it was
acidified at pH = 3 (optimal conditions for Fentsmeaction) with sulphuric or hydrochloric

acid solution.

AMX solutions for anodic oxidation experiments weprepared at 0.1 mM
concentration whereas supporting electrolyteS@ was 50 mM without pH adjustment.
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These solutions were electrolysed for differentrenir intensities using an electric
power supply model Hameg Triple Power Supply HM&®20Samples to be analysed were

withdrawn in regularly time scales.

2.3. ANALYTICAL TECHNIQUES

In order to follow the kinetics of degradation @frgeted model chemical and the
composition of the solution during electrolysis galveanalytical techniques have been

employed.
2.3.1. High Performance Liquid Chromatography (HPLCO

High performance liquid chromatography is a sejpama&nalytical technique largely
applied for the analysis of organic substancesis Ibased on different interactions of
molecules with a solid phase, called stationarysphéixed in a column and a liquid phase
which flows through the column and is called thebrfeophase. The separation of different
molecules of a mixture is related to their affinitgrsus stationary and mobile phases. If the
column is packed with a nonpolar stationary phas# the sample is eluted with a polar
eluent, molecules of higher polarity will be attet more by the eluent and those less polar
will be retained on the stationary phase. This rmghe analyte species will be retarded to
pass through the column depending on the retenime in the column. This differential
affinity of phases in contact towards differentgaly molecules leads to the separation so
they will come out of the column one after othdnem separated molecules enter the detector
and the signal is presented with a chromatogranrevbeparated peaks at different retention
times are observed for all the sample constitudntghis way good separation and analysis

can be achieved by varying the composition of neopiiase (eluent).

2.3.2. Analysis of SMT and AMX

The samples withdrawn regularly were analysed Meec-Hitachi high performance
liquid chromatograph, Lachrom-Elite model, conedllby EZchrom elite software. It was
composed of a quaternary pump MH L-7100, a diodewyadetector L-7455 and a
thermostated Merck column L-7360 with thermostat.
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Injections of aliquots of 20 uL were done in tl@uenn which was thermostated at
40°C. Conditions of HPLC analysis for SMT and AMM¥aummarised in the table 7.

Table 2.2. HPLC conditions for the analysis of auéthazine and amoxicillin.

SMT AMX

Column 1g®urosphere RP 18 18 RUrosphere RP 18
(5mm, 250 mm x 4.6 mm) (5n280 mm x 4.6 mm)

Detector DAD/W/IS L-7455 DAD-UV-VIS{7455

Pomp Lom. L-7100

Temperature 40 °C 40 °C

Flow 08 min 0.5 miin™

Mobile phase ¢DH: 10% 2(H99% + CHCOOH 1%)97 %
(H20 99-HP0, 1): 90% GBH 3 %

Pressure 186 b

Injection volume 20 ml 20 ml

Wave length 244 nm 233 nm

Retention time 13.8 min A48nin

2.3.3. Analysis of Carboxylic acids

The evolution of carboxylic acids has been followddy ion exclusion
chromatography. An HPLC chromatograph equipped widmp Alltech (Model 426) and a
column Supelcogel H, 25 cl x 4.66 mm coupled tcetector Dionex AD20 was used. The
eluent was a solution of sulphuric acid 9 mM. Floate was adjusted to 0.25 mL rfin
Detection wave length for carboxylic acids was Bgdand measures were done at 30 °C The
system is connected with an acquisition and daatirent unit commanded by analytical
Chromeleon SE software.

2.3.4. Analysis of inorganic ions

lonic chromatography is a separation analytic metlbath allows the separation of
ions and polar molecules based on their chargesti®nary phase in ion chromatography is
an electrically charged material so the separabbions depends on their density charge.

Usually the stationary phase is an ion exchange tkat contains charged functional groups

88



that interact with oppositely charged ions of tlaenple. lons with different charge density
will be retained more or less in the column whakesathem emerge in different scale times
from the column.

In this work ion chromatography was used to idgnéind quantify inorganic ions
evolved from the heteroatoms contained in the sirac of the molecule which are
electrolyzed. These ions are SONO; and NH'.The ion chromatograph was a system
Dionex ICS-1000. The data acquisition was done hyo@eleon software. This system is
equipped either with a column cationic (CS12A) minaic (AS4A-SC) of 4 mm diameter and
25 cm length coupled with a conductometric detebPX86. In the case of cation detection the
mobile phase was 9 mM sulphuric acid, the flow ma#es 1 mL miff. The applied current in
the suppressor SRS (Self Regenerating Suppresseded to prevent the influence of the
eluent ions in the detector signal was 30 mA. Tingpsessor acts in the way that cancel the
conductivity of the eluent which otherwise is vdngh and disturbs seriously the analysis.
For anions measurements the mobile phase contaiBedM NaCO; and 1.7 mM NaHC@
The flow rate was fixed to 2 mL nifn The suppressor current was 30 mA.

The analysis of ions coming in the solution beeanfsthe decomposition of the initial
organic compound during electrolysis was done bBgdard curves prepared with: ammonium
oxalate for ammonium determination, sodium nitride nitrate and sodium sulphate for

sulphate anion determination.

2.4. TOTAL ORGANIC CARBON

Total organic carbon (TOC) is a very important pagger for the estimation of the
level of pollutant abatement in the aquatic solutidamely, it represents the quantity in mg
of carbon present only in organic molecules. If tixgdation of the organic matter proceeds
until carbon dioxide the gas will escape from tb&uson resulting to a diminution of TOC

content.
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Fig. 2.ITotal organic carbon analyzer — TOGsW.

The principle of TOC analysis of a sample consistssomplete conversion of atoms
of an organic molecule in GQwvhich is then measured. The combustion of orgarater is
realized in high temperature chamber (680 °C) engresence of platinum containing catalyst
under pure oxygen gas flux. The combustion of tigaics produces carbon dioxide which is

measured by infrared spectroscopy at the exitebtlen where the combustion takes place.

For the TOC analysis in this study a Shimadzu VO®}C analyzerequipped with a
manual injector was used. Samples were acidifigd W6 hydrochloric acid to remove the
mineral CQ coming from sources other than organic molecuteeuinvestigation. The total
volume injected was 50 pIL. The apparatus did tineasures for each sample and gave the
average value. Calibration curves were prepared fetamdard solutions of potassium
hydrogen phthalate.

2.5. HYDROGEN PEROXIDE DOSAGE

Hydrogen peroxide production was studied for thehades tested for their
performance in electro-Fenton process. Spectropietty was used as method fop(4
analysis. This technique refers to the absorptidigbt in the ultraviolet visible region (UV-
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VIS) by analyte molecules. The absorption of UV-Vlight causes electronic transitions in
molecules. The logarithm of fraction of inciderght intensity and transmitted light intensity
is called absorbance (A). A is linearly relatedthe concentration and is expressed by the

Beer-Lambert low.

A= ecl (2.1)

Where c is the concentration of analyte | is thegth of the path which light passes through

ande is molar absorptivity or extinction coefficient.

The spectrophotometric dosage o was realized by the method of titanium. The
reaction between ti and HO, gives a yellow complex in the acidic media, thetifmic
acid, the absorbance of which is measured by mafamspectrophotometer.

The experiments were done in an electrolytic ogfitaining a platinum anode and the
cathode to be investigated, in pure aqueous mediuhe presence of N8O, as supporting
electrolyte. Aliquots of 5 ml were withdrawn at givéme scales and were put in a flask of 25
mL. In each aliquot were added 2 mL of Tj@blution previously prepared in a 1 M$0,
(10 mL TiCly in L of H,SOy 1M), 2 mL of concentrated 430, (18 M) and the rest was filled
with the pure water. Then the sample was measutetthea maximum wave length of
adsorption at 423 nm in a quartz vessel of 1 cnicquth. The absorptivity coefficient of
complex formed between,B, and Tf* was calculated from the slope of the calibratiorve
prepared with standard solutions ofG4. Finally, the concentration was calculated accaydi
to the Beer-lambert law. The spectrophotometeafalysis was PERKIN ELMER UV/VIS

spectrometer Lambda 10.
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CHAPTER 3

EFFECT OF THE ANODE MATERIAL ON THE
ELECTROCHEMICAL OXIDATION OF AMOXICILLIN (AMX)
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3.1.KINETICS OF THE DEGRADATION AND MINERALIZATION OF A MX

3.1.1 Effect of the current intensity

The electrochemical data with different anode mai®emwere obtained in an aqueous
solution of 0.1 mM (36.54 mgt AMX and 50 mM NaSQ, as supporting electrolyte. A
stainless steel cathode was used in order to dwalcbgen peroxide production (as stainless
steel cathode is known to produce very little qgifist of HO,) which could contribute in the
whole oxidation of AMX, Figure 3.1 shows the deaayhe concentration of AMX with time
during the electrolysis of an AMX solution with DSs#d BDD anodes at different current
intensitiesranging from 50 to 500 mA.
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Fig. 3.1. Effect of current intensity on the oxidation olnM AMX at room temperature
with BDD (a) and DSA (b) anodes. Cathode: S Stégk 250 mL, [NaSOy] = 50 mM.

As it can be observed in figure 3.1, there is argjrinfluence of the anode material on
the oxidation rate of AMX, being the BDD anode mdabterthan the DSA in the oxidation
of AMX. In fact, the total depletion of AMX is aiteed with the BDD electrode at 20 and 40
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min with applied current intensity of 500 and 30@ mespectively and almost complete
depletion at 90 min with 100 mA. Whereas the AMXcentration decay is less than 40% of
initial concentration at 60 min even for the higleenrrent value of 500 mA under same
operating conditions in the case of DSA anodle expected, the higher the current density,
the higher the oxidation rate of AMX for both electes.

In the figure 3.2 are presented the degradationesufAMX] = f (t) for five other
anodes. It can be seen that Rl@Ddd Pt are faster than carbon fiber and graphikereas
carbon felt is the fastest. AMX degradation peragat under 300 mA constant current, for
other anodes is: Pt (96.1), Pb(®9.14), Carbon fiber (76.2), Graphite (58) andbda felt
(99.5). From these values of abatement it can berebd that in addition to the very fast
initial decay of the concentration of model polhittavith carbon felt, very small quantities
still remain in the solution after 60 min electsily with other anodes. Similar tendency of
AMX depletion is observed also for other curreiiist carbon fiber and graphite the rates of
AMX removal are lower than all other anodes apestnf DSA type anode for which the
concentration decay is the lowest one.
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Fig. 3.2.Effect of applied current intensity on the oxidatiof 0.1 mM AMX with (a) Pt, (b)
PbG, (c) carbon felt, (d) carbon fiber, and (e) gréphanodes. Cathode: S Steel, 2/250
mL, [NaSQy] = 50 mM.
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Changes in the concentration of AMX are importaént, it is worth to take into account
that depletion of AMX does not mean total removiathe pollution problem. It only means
an oxidation of the mother molecule (addition ofH-@roup or electron transfer) to its
oxidation intermediates. For this reason the TO@owal is a much more significant
parameter, because it clearly indicates the mieata&dn of the pollutants, that is, the

complete destruction of the starting molecule aadransformation into carbon dioxide and
water.
Figure 3.3 informs about the mineralization of &MX aqueous solutions. As it can be

seen, the reaction times (and, consequently, cucterges passed) required are much higher

in these experiments than in the electrolysis shiowkig. 3.1 and 3.2.
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Fig. 3.3 Effect of current intensity on the mineralizatidagree of AMX with BDD and (a)
and DSA (b) anodes at room temperature. Cathod&te8l, \{ = 250 mL, [NaSOy] = 50

mM.
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Thus, in the case of AMX, 98 electrons are needmdtlie mineralization of the
molecule up to carbon dioxide (Eg. (3.1)), whilsimple one-electron transfer can transform
the AMX into another molecule, and this explains ldrgest electrolysis times in the case of

the mineralization study.
C16H19N305S + 40 HO - 16 CQ + 3NO; + SQZ + 99 H + 94 é (3.1)

Figure. 3.1a clearly indicates that BDD anode seiathan DSA in the mineralization of the
AMX, and that for both anodes the higher the curdemsity, the faster is the mineralization
rate. However, effect of current density is mudaslsignificant than in the case of the simple
oxidation of AMX (shown in Fig. 3.1), suggesting@thmuch more complex processes may be
occurring during the mineralization process. Resctimes required to mineralize completely
the AMX are above 6 h for BDD anode. However, fais treaction time, less than 25% of
mineralization is obtained for the electrolysis wWiDSA anode under the highest current

density.

The rest of results on mineralization with otheodas are given below in the figure 3.4.
At the difference of the simple oxidation of the lecule, where among all the anodes tested
(each of them showing different oxidation capasjtiell of them could not be used for the
mineralization where much longer time of treatmentquired. Thus, only BDD, DSA, PbO
and Pt electrodes gave significant mineralizatiesults in the range of current intensities
applied, whereas graphite could be used only foreatl intensities of 150 mA and lower.
Two other carbon based anodes, carbon felt andowaiiber burned at the beginning of
electrolysis and led to the failure of the electremical cell.
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Fig. 3.4 Effect of current intensity on the mineralizatiohAMX with Pt (a), PbQ (b) and
graphite (c) anodes. Cathode: S Stegk\250 ml, [NaSQy] = 50 mM.
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BDD and DSA are usually employed as model anodgsetéorm the electrolysis of
many organic pollutants because they use to showov dpposite behaviors. Thus, BDD
behaves as a high-efficiency electrode for the aboth of organics. It promotes the
mineralization of the organics with high efficiencgnd usually few intermediates are
observed during the treatment. In addition, it potes the production of high amount of
hydroxyl radicals due its high &volution overvoltage. On the contrary, DSA eled&s are
known as low-efficiency electrodes for the oxidataf organics. These anodes promote a soft
oxidation of organics, with a great amount of imediates (most aromatics treated by these
anodes are slowly degraded due to the generatidmaafly oxidizable carboxylic acids),
small mineralization and in some cases (particularhder high concentration of pollutants)
with production of polymef&®. They produce a very low current efficiency andssmpuently
small perspectives of application. On the other hilwuede anodes promote the formation of
oxidant HCIO if the solution contains chlorine iofi$ie use of the platinum and carbon based
electrodes as anode in electro-oxidation to beudwed into this second type of electrodes
because they usually exhibit low-efficiency for thedation of organics compared to BDD
electrode. Low efficiencies are even more signiftoaith the use of carbon-based materials
as anode because during the electrochemical prdbegscan also be electrochemically
incinerated (transformed into carbon dioxide) whismg high voltages or currents to oxidize
organic pollutants. On the other side, the lead idebehaves as BDD and performs high

efficiency oxidations.

3.2. Mineralization current efficiency

An estimation of energy consumption during eledteical mineralization of organic
pollutants can be done by calculating the mineasibn current efficiency (MCE). MCE in

percentage can be calculated from the following top&>

nFVA(TOC)exp
4.32x 107 mlt

MCE % = x 100 (B.2

Where n is the number of electrons exchanged pé&aule (following equation 3.1J; is the
faraday constant, Ahe solution volumeA(TOC) the experimental TOC decay, 4.32 X 0
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the conversion factor to homogenize the units §803s i x 12.000 mg of C mdi), m the
number of carbon that the molecule contalnis, the current intensity applied ahds time
when sample was withdrawn. For the mineralizatiod ofol of AMX, 98 mole of electron
(n) are needed for its complete transformation @ @nd HO and after substituting other
constants and experimental variables the MCE waleulated and plotted against specific

charge Q (Ah/L). The percentage of MCE versus $igetiarge is given in the figure 3.5.
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Fig. 3.5 Mineralization current efficiencies for the miakration of AMX (a) Pt/S Steel, (b)
DSA/S Steel, (c) Pbg6 Steel, (d) BDD/S Steel, (e) Graphite/S stegl=\250 ml, [NaSOy]
=50 mM.
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It is obvious that MCE has higher values at lowemrent intensities as less energy is
consumed by wasting reactions. When current intgrsincreased more TOC is removed for
a given time interval since more charge passesugiwrdghe cell, but this leads also to the
lowering of MCE. The most efficient anode for AMXidation was BDD. For example, we
can see that the highest MCE value is 11% at @E¢trolysis for 300 mA (Fig. 3. 5). The
mineralization efficiency undergoes a continuousageas electrolysis is prolonged as a result
of the formation intermediate species more diffical oxidize, particularly carboxylic acids.
The MCE decay is also a result of simple pollutdetletion in the solution, so that according
to the fundamental kinetic considerations the ratea reaction decreases as reactant
concentration is lowered. When the concentratiorABEX is low, for a constant current
intensity a smaller part of charge will be useditsroxidation as less of AMX molecules are
available to be degraded. The MCE decreases wélctinrent intensity too; in the case of
BDD we can see lower initial MCE values (11, 7.2 ah7 for 300, 500 and 1000 mA
respectively). This decay is as a consequence ofgmeasting rations such as @lease on
the anode instead &DH formation. Moreover, OER will compete with tr@rhation of other

oxidizing agents lowering their contribution to raralization.

The MCE varies significantly with the anode mateCE is very low for the DSA
anode (Fig. 3.5a) whereas Pt and PH®Bigs. 3.5a and 3.5c) give medium efficiency
compared to BDD ((Fig. 3.5d) and DSA (Fig. 3.5a)cls extremely low MCE values for the
DSA anode are explained by the mechanism of orgas@ation on Ir(VI) oxide formed on
DSA surface as a weak oxidant. This oxide allowy wasily the release of oxygen (as DSA
is low oxygen evolution overpotential anode) andhigher current intensities it becomes the
main reaction leading to smaller values of MCE .afteady seen, graphite could only be used
for 150 mA and lower. However better mineralizaticonrent efficiencies and even better
TOC removal was achieved with graphite (Fig. 3thah with Pt and DSA.

3.3. Comparison of the oxidation capacity of diffeent anode materials

To compare the performance of different anodesiextuch this work namely BDD,
DSA, PbQ, Pt, carbon-felt, carbon-graphite and carbon-fiflmerthe particular case of the
oxidation of AMX, the time course during electral/svere fitted to a pseudo-first order
kinetic model. Table 3.1 shows the apparent (oentesl) rate constant&.fy) for electro-

oxidation of AMX obtained by mathematical fitting ekperimental results, respectively. It
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has to be remarked that the linear approach wags fonlthe initial stage of the oxidation,
where AMX oxidation does not compete with the otima of intermediates. Thus, in the
semi-logarithmic plot, it can be clearly observadlotzones (not shown in Figures)
corresponding to the electrolysis in which AMX das®t compete and the zone in which
significant concentration of intermediates are enésn the system and compete with AMX
for "OH. The later cannot be used in the calculatiomel,

Regarding the oxidation rate constants, it canléarly observed that the reaction rate
increases with the current intensity in every daseept for the carbon-felt in which a strange
shape can be observed), but the slopgsg) (&re very different depending on the nature of the

anode material tested.

Table 3.1. Apparent rate constants of the degrawatf AMX by anodic oxydation with

different anode materials.

Anode BDD Pt DSA PbQ Graphite Carbon Felt Carbon fibre
| (MA) kpp (Min™)

50 0.02 0.02 0ame6 0.02 0.01 0.05 0.02

100 0.03 0.03 B0 0.03 0.01 0.08 0.02

300 0.06 0.04 B0 0.05 0.02 0.2 0.03

500 0.11 0.03 B0 0.04 0.02 0.09 0.02

The rate of oxidation of AMX with the current intaty is increased as more electrons
are transferred from anode to the pollutant mokec@ut more significant is the role of
heterogeneous hydroxyl radicals ‘®H) which are generated at the anode surface on AMX
oxidation, their quantity increases with the cutrgnensity and consequently the oxidation
rate of pollutant too. The ability of an anode tmdguce ‘OH is related to its oxygen
overpotential evolution. An anode showing high axygvolution overpotential provides high
guantity of ‘'OH even for higher current intensities whereby bighxidation rate constants.
Thus, this explains the order of abatement effigesntor anodes tested (table 3.1), being the

BBD the most powerful one and DSA the weakest one.

As oxidant species like,8¢>, O; and HO,, are generated on the anode, but the later
(H20,) is essentially generated at the cathode, theitribmtion in the overall value of the
rate constant cannot be neglected. So the modificatf ki, with current intensity can be
explained also by an increase in the concentratiaxidants at the pseudo-steady state or by
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the action of more powerful oxidants with highemddic constants. This means that
differences between the oxidation rates of AMX show Table 3.1 should not be explained
only in terms of the direct electro-oxidation of A\vbut also by the action of mediated
electro-reagents formed on the surface of the reléet According to this, the production of
these electro-reagents promoted at large currensittks with most materials except for
graphite and carbon-fiber (in which not a clearr@ase is observed). Likewise, it can be
observed that production of oxidants that can @aedhe AMX is promoted with carbon-felt,
BDD and Pt anodes, but this production is almogligibdle for DSA anode. Therefore, it is
worth to remind that no chlorides are present iae thaction media and that mediated
oxidation of organics with DSA is only promotedthe presence of chlorides. Graphite and
carbon-fiber electrodes have behaviors somethirgeiween both behaviors, maybe because
of the production of a softer oxidants and the joil#ty of film formation as light orange

color could be observed on the surface.

Compared with other works in literature, the hugaction rates observed for carbon-
felt electrode are surprising, especially if onkeefinto account that it consists of-smrbon.
These values are not in agreement with the low ralization rates observed for this material
and can only be explained in terms of a doubleceffihe enhanced direct-like processes
because of the higher surface area of carbon dsltcObmpared with the other electrodes
assessed) and also the production of a soft oxiffaost probably hydrogen peroxide),
activating the oxidation of AMX but not enough stgofor depletion till carbon dioxide of
spf-carbon of the electrode. The decrease in the ikBiebnstant observed for larger current

densities is due to the destruction of the elect(adeill be discussed later).

Changes of the oxidation power of anodes are impbfbr the initial oxidation of the
AMX but they should be even more important for teenplete mineralization process. In this
case, very different results are obtained witheesfo the oxidation of AMX as it is shown in
Table 3.2. The percentages of AMX abatement atrédtment in spcarbon based materials
(including carbon-felt) fall to an almost nil vaki@nd only diamond, platinum and lead

dioxide exhibit appreciable values of both paramsete
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Table 3.2. TOC removal percentages at 6 h eledr®ly

Anode BDD Pt DSA Pb@ Graph C Felt C Fibre
I (mA) TOC removal (%)

300 86.9 29.8 97 62.5

500 92.2 41.3 138 81.2

1000 96.3 474 220 90.6 0 0

Comparing the abatement percentages of the oxidatial mineralization of AMX, it
can be observed that the oxidation of AMX is eagdre achieved than mineralization. This
is important because it clearly exhibits that thpaeameters with a very different meaning,
mineralization being the main goal in the efficieatnoval of pollutants from wastewaters,
and much more difficult to attain that depletion tbe AMX by transformation into its
oxidation intermediates. The high efficiencies oi#d for BDD, apart from hydroxyl
radicals, should be explained in terms of the petida of large amount of oxidant as it has
been widely described in literature. Hence in additto hydrogen peroxide and ozone,
persulfates are expected to play an important moléhe oxidation of organic pollutants.

Production of the persulfates is also possible witAnd Pb@anodes but in a lesser extent.

Table 3.3. TOC removal percentages at 6 h for lawrent intensities with carbon

anodes.
Anode Graphite Carba fe Carbon fibre
I (mA) TOC remval %
50 37.3 0 0
150 42.9 0 0

Table 3.3 shows percentages of the mineralizatidairodd at low current densities
with spf-carbon based electrodes indicating that only gtepls robust enough against
incineration in the range of low current densiti€kis is important because carbon-fiber and
carbon-felt are not able to mineralize the AMX wehihey oxidize AMX to its intermediates.
That means oxidation intermediates are recalcittarthe mineralization with these anode
materials. In the case of carbon-felt, the diffeeeis remarkable. It performs very well in the
initial oxidation of the AMX but it is not able tattain a higher oxidation. This confirms the

significance of the active area of the electrodd #re potential formation of soft oxidants
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(such as hydrogen peroxide) which help in theahgtages but are not able to mineralize this
complex pollutant. An important fact is that graphcan mineralize AMX almost with the
same efficiency as Pt and is almost two times béten DSA, applying much lower current
intensities, what means less energy consumed foe sar more TOC removal. Previous
results obtained with BDD electrodes with differeatios sfysp” during the degradation of

enrofloxacin showed that Sparbon in diamond promoted the formation of intediates®"
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3.4. Conclusions

A systematic study on the efficiency of the eled&ranaterials such as carbon-felt, carbon-
fiber, carbon-graphite, Pt, DSA (Ti/Rg@O,), PbQ, and BDD was studied through
different electrochemical parameters in the oxidatiegradation of the drug AMX. First it
was evidenced that BDD electrode is more efficdran that of DSA to oxidize AMX
achieving the total mineralization of the antibtat less than 100 min while less than half of
the initial AMX was mineralized with DSA anode ihet same period for the best
experimental conditions. Then, the apparent ratstemts of the oxidation reaction of AMX
were determined in function of current intensity $@veral anodes. The results showed that
apart from BDD electrode, carbon-felt exhibits dtéreperformance for low and moderate
current density values. On the other side, in paldr in terms of mineralization, obtained
results highlighted that the BDD anode is the kmsbde material for the large current
densities due to generation of large amount okdkfiit oxidants: hydroxyl radicals, but also
hydrogen peroxide, ozone and persulfates, that ieemot only the oxidation of AMX but

also its complete mineralization.
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CHAPTER 4

EFFECT OF THE ANODE MATERIAL ON THE ELECTRO-FENTON
PROCESS EFFICIENCY
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KINETIC STUDY OF THE DEGRADATION AND MINERALIZATION  OF
SULFAMETHAZINE (SMT) BY ELECTRO-FENTON PROCESS USIN G
DIFFERENT ANODE MATERIALS

To estimate the effect of anode material on theteld=enton process efficiency as an
electrochemical advanced oxidation processes (EAQRs SMT was chosen as a model
pollutant. Degradation of SMT was performed und#éfecent current intensities and the
apparent rate constantgpkand TOC removal percentages are studied for eaoHea the

cathode being always the carbon-felt.

4.1. Kinetics of SMT oxidation during electro-Fentm treatment

Electrochemical oxidative degradation of SMT wasught about in an electrolytic cell
of 300 mL capacity and equipped with two electrodése cathode was a carbon felt piece of
dimensions 23 cm x 6 cm x 0.5 cm whereas the anwdes Pt, BDD, DSA (Ru®@IrO,) and
C F (carbon felt) of 24 cfrarea each side. The pH of the solution was adjustéh sulfuric
acid to 3, the optimal pH for electro-Fenton praceNlaSO, (50 mM) was added as
supporting electrolyte to provide a good conduttivin the electrolytic cell. The
concentration decay with time was followed by wrtnding samples at regularly time
intervals and analyzing by HPLC.

During the analysis of electrolyzed samples, SMT wstb a well-defined
chromatographic peak at 13.8 min which diminishedggessively with the time until
complete disappearance. After electrolysis begimeschromatogram showed also other peaks
indicating the formation of many intermediate praguduring the degradation of the initial
compound. The intermediate’s peaks continued tcease until a certain moment and then

they started to diminish until their disappearance.

Fig. 4.1 shows the effect of current intensity be toncentration decrease of SMT with
time in the Pt/Carbon felt system. It can cleadydibserved that the concentration diminishes
with time exponentially, following a pseudo-firstder reaction kinetics almost until the
complete disappearance of the target molecule. g$eudo-first order kinetics for the
pollutant degradation can be adopted taking in idenation the fact that for a given current

intensity, the quantity of hydroxyl radical®H produced in the solution by time uni©H
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formation rate) is constant. The experimental dégian curves seem to fit very well this

consideration.

The plot below Fig 4.1(a) depicts the variatiordefjradation rate in a range of current
intensities from 50 to 500 mA. An increase in tlierent intensity leads neatly to an increase
in the decay rate of the SMT concentration. Theelgcation of the degradation reactions
comes due to the intensification of the electrodbamreactions of hydrogen peroxide

production (reaction 3.1) and catalyst{fgeneration (reaction 4.2) on the cathode:
O, + 2H" + 2¢ - H,0O, (41)

Fé* + 6 F' (4.2)

As H,O, concentration increases with the current and Htalyst is faster regenerated, the
Fenton’s reaction accelerates too, resulting inghéri'OH production rate in the medium

which leads to a faster degradation of the pollutAnother important fact to be observed is
that the improvement of degradation can only beeaeld until a certain current value. In this
case we can see that an optimal abatement cusrattained at 300 mA. For 400 and 500 mA
no more increase on degradation rate is gainedatiwg that side wasting reactions begins
to become prevalent. There are two principal pacasactions that waste the current for high
potentials:

Oxygen reduction on the cathode untgHaccording to the reaction (104) (chapter 1) which
leads to less production o8, and hydrogen evolution (reaction (4.3)) which cotapeith
oxygen reduction and oxygen evolution on the ar(oekction (4.4)) which compete with the

production of M{OH) and SMT direct oxidation on the anode surface:
2H" + 26 = H; (4.3)

2H,0 = O, + 4H' +4¢ (4.4)
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Fig. 4.1 The effect of current intensity on the kinetics d#gradation of SMT using the
Pt/Carbon felt electrode couple. (a) electro-Fertot (b) anodic oxidation.\= 300 mL, pH
= 3, [NaSO)] = 50 mM, [Fé] = 0.2 mM for electro-Fenton and 0.0 mM for anodic

oxidation.

To see the contribution of direct oxidation witholie effect of electro-Fenton process in the
whole result, two experiments without adding thé¢alyst Fé* were done and they are
presented in figure 3.1b. As can be seen, much fonger time are needed to reach complete
oxidation (disappearance) of SMT. Actually evereaf0 min of electrolysis at 500 mA there
are still some traces of the SMT remaining in tbkitson. In contrast, in the case of electro-
Fenton process, in only 20 min treatment no SMT atdid detected in the solution under
same experimental conditions. Whereas at 100 mAiexpmurrent, 91.8% of SMT was

oxidized at 90 min by anodic oxidation against100f&lkectro-Fenton process.
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The DSA/Carbon felt electrolytic cell was testadhe same conditions and results are
presented in the Fig. 4.2. Similarly, for higher reat intensities the rate of oxidation
increases until a limiting value is attained at #@Q. The degradation efficiency seems to be
similar to that of Pt/Carbon felt system (slighsjower) for the case of electro-Fenton
treatment of the solution, but it changes moretf@ direct anodic oxidation. 70 and 30
minutes are needed for complete transformation M Srom the solution when current
intensities were 100 and 500 mA, respectively, rdutihe electro-Fenton process. But, by
applying a current intensity of 100 mA for the aiwooixidation only 66.4% of SMT could be
oxidized after 90 min, while for a 500 mA currentansity this process is enhanced and

reaches the value of 90.1% of oxidation of SMT.

A better performance of Pt anode in comparison WiBA can be explained with the
oxygen evolution overpotential. As the overpotdrafaoxygen evolution is higher for Pt for
DSA, generation of hydroxyl radicals is better fioe former anode. It means also that for a
given operation potential the quantity of oxygemlation is lower on Pt electrode so more
organics can be transformed on the anode. Morepedéymeric films can be created on the
DSA anode which inhibits the organics oxidation.&vhhe catalyst is added to the medium,
hydroxyl radicals will be generated and they willaak the polymeric film releasing more
active sights on the anode surface. DSA anode ig ®fficient on organics oxidation only in
the presence of chlorides, when a chloride comtgisalt is used as supporting electrolyte or

when the pollutant under treatment contains chlcasbeteroatoms.
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Fig. 4.2 The effect of current intensity on the kinetics d#gradation of SMT using the
DSA/Carbon felt electrode cuple: (a) electro-Fentbi) anodic oxidation. ¥= 300 mL, pH =
3, [N&SQ)] = 50 mM, [Fé'] = 0.2 mM (electro-Fenton only).

In figure 4.3, is presented the concentration gedeSMT for the electrolytic system
BDD/Carbon felt with time for different current artsities for both electro-Fenton and anodic
oxidation. There is always an exponential pseudkt-firder kinetic decay of concentration for

the whole range of applied currents.
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Fig. 4.3 The effect of current intensity on the kinetics d#gradation of SMT using the
BDD/Carbon felt electrode couple: (a) electro-Feni{®d) anodic oxidation. = 300 mL, pH
=3, [NaSQy] = 50 mM, [Fé'] = 0.2 mM (only for electro-Fenton).

The rate of SMT abatement still increases untildpgmal current intensity that is about 300
mA. If we do a comparison between electro-Fentondirett anodic oxidation, a remarkable
difference is observed. For the electro-Fentontrireat the complete depletion in SMT is
attained at 30 min for 500 mA and at 60 min for b@Q. For the anodic oxidation there still
remain traces of SMT at 90 min for 500 mA, wher8as3% of SMT is oxidized with 100
mA at the same time. According to the degradatimves, BDD is slightly faster than DSA
for 50, 100, 200 and 300 mA but it is slightly skmwthan Pt for the whole range of current

intensities.
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The results obtained with carbon felt as anodecanidon felt again as cathode, show a

much more different comportment. These resultshosvn in the Fig. 4.4.
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Fig. 4.4 The effect of current intensity on the kinetics d#gradation of SMT using the
Carbon Felt /Carbon felt electrode couple: (a)teteEenton, (b) anodic oxidations\¥ 300
mL, pH = 3, [NaSQ,] = 50 mM, [Fé*] = 0.2 mM (for electro-Fenton only).

Figure 4.4a shows that in the electro-Fenton pyomsce the current starts to pass through
the circuit, the concentration of the pollutantréh8MT) decreases rapidly up to zero value at
about 15 min for the current higher than 100 mAltiaces of the pollutant can be found
until 50 min or more for the current intensity df ;A and 100 mA. For 300-500 mA, SMT
disappearance kinetics curves have similar shapese the anode underwent combustion
reactions for high current values. Thus the eftd@cincreasing current was inhibited by the

loss in the electrode surface from its partial costion.
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When anodic oxidation only is brought about, thédaton of SMT is slower what
lets more time for oxidation of anode (carbon-fédt)advance. At a moment the anode has
been considerably damaged and SMT concentratioarkny oxidation rate of SMT became
very slow. This is probably manifested with the prgjation of degradation curves until 90

min, despite that it descends almost to zero im20

Hydroxyl radicals are known for their extreme r@att and non-selectivity towards
organic molecules. Once created in the solutiory teact immediately with whatever
molecule that they come across first. This veryshife time prevents them to accumulate in
the medium. For a constant current intensity a taorigsate ofOH production is obtained, so
a quasi-stationary state is attained for their eatration, whereby a pseudo-first order
kinetics can be established for the reaction oflatkon of organics. Now considering the
section dealing with the reactivity of hydroxyl redlis, for the reaction of the degradation of
SMT we can write:

[SMT], —k

e = Kapp "t (4.5)

E’;ﬂ: = f(t) gives a straight line with the slope equal to

So the slope of the plot éh

kap@apparent rate constant) for the reaction of thdaton of sulfamethazine with hydroxyl
radicals. In the figure 4.5 is given the exampletfe system Pt/Carbon felt, and the same

method was applied for all the other electrolygd<
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Fig 4.5 Semi-logarithmic plots for the determination @parent rate constantk,g, of the
reaction of degradation of SMT wit®H in the Pt/Carbon felt electrolytic cells¥ 300 mL,
pH = 3, [Fé'] = 0.2 mM, [NaSQy] = 50 mM.

The apparent rate constants calculated from psértsd@mrder kinetics are given in the
Table 4.1

Table 4.1. Apparent rate constants in function aidenmaterial and current intensity

for electro-Fenton process with carbon felt cathode

Cell Pt DSA BDD CF

| (MA) ags/ min™

50 0.08 0.06 0.07 0.22
100 0.15 0.09 0.12 0.31
200 0.19 0.14 0.18 0.37
300 0.27 0.20 0.24 0.44
400 0.37 0.27 0.27 0.43
500 0.40 0.27 0.25 0.43
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Table 4.2. Apparent rate constants in function aidematerial and current intensity

for anodic oxidation. The cathode is carbon felt.

Cell Pt DSA BDD CF

I (MA) afgmin’

100 0.02 0.01 0.02 0.22
500 0.04 0.02 0.06 0.29

According to apparent rate constants obtained Her MT oxidation in different electro-
Fenton electrolytic systems, no very importantetéghce exist between them, except for the
carbon felt anode which represents considerablh g, values. If we consider this
difference towards the organic molecules oxidatimtween anodes studied, kinetic data
range the DSA anode as the weakest one followeBy which is a little more efficient,
then Pt and finally carbon felt as the most powedié. In all cases the degradation rate
increases with the current until an optimal curiateénsity of about 300-400 mA. Concerning
the optimal current intensity, a more characterisghavior is observed for the carbon felt
anode, for which an optimal current intensity itaised at 300 mA. Namely when current
intensity increases from 50 mA to the optimal vaB@® mA, thekapp increases less than for
other anodes and kinetic curves stay closer to edwdr. This behavior can be explained by
partial combustion of the anode material. Whenctlreent intensity is lower the oxidation of
anode itself is less intensive, whereas the inere&s favors the Fenton’s reaction but at the
same time accelerates the anode oxidation. Theseojwosite actions cancel at certain

degree each other making thg, increase slower with the current intensity.

The anodic oxidation rate constants given in #idet4.1 and also the graphs of anodic
oxidation given below to every electro-Fenton fffags. 4.1-4.4), show a difference in the
order ofk,pp values for BDD and Pt anodes alone when comparetettro-Fenton. Unlike in
electro-Fenton process, in direct anodic oxidat®DD anode oxidizes faster SMT than Pt.
This trend is normally expected for the BDD anod®ihg a higher overpotential for OER
makes more possible generation of higher hydroagical and other oxidizing species than
Pt. In the case of electro-Fenton process, thdretggnerated oxidizing agents formed in the
solution can play a slight negative role too. SiN&eSO, was used as supporting electrolyte
in electrolysis experiments, the main electrogeeeraxidizing specie created on the anode is
the persulphate anion,Gs® which can oxidize the catalyst #¢o F€* (reaction (4. 6)f°

which do not react with $D, in the same way as Fe
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S05% + Fé" = 2SQ% + Fe* (4.6)

Actually Fé* ions reacts with kD, giving hydroxyperoxyl radicals HOaccording to the
reaction (59) which are relatively weaker oxidaotsnpared toOH, and do not oxidize
effectively the organic molecules. Another reasaghtnbe the higher potential of BDD than
Pt for a given constant current which also contebub higher oxidation of Eeto F€”. In
fact it has been confirmed that®F@ccumulates much more in a cell employing Pt aslan
than in that of BDB®. Accordingly we can say that the slightly betterfprmance of Pt than
BDD is because of the removal of a part of catafg@in the electro-Fenton cycle in the
BDD/Carbon felt cell.

Finally, the slight difference betweddqp, for Pt/Carbon felt, BD/Carbon felt and
DSA/Carbon felt, in electro-Fenton process, canX{pdained with the overwhelming effect of
hydroxyl radicals generated from electro-Fenton @ssc(as kinetic curves show, the
contribution of only anodic oxidation is far lowdrom that of electro-Fenton). High
quantities of'‘OH are formed in the bulk of solution and rapidlggdade the organic
molecules resulting in high degradation rate caoristarhus, a part of anode effect is hidden

by the dominating electro-Fenton action, in particat high applied current intensities.

The best performance of Carbon felt/Carbon felk iseh result of much more larger surface
area of the carbon felt material owing to its hpgrosity and three dimensional geometry. A
high surface area enhances the rate of electrochémeactions (formation of @, and
regeneration of &) and also facilitates the contact of organic malies with the anode due
to better mass transport conditions leading toemtgr contribution to the overall oxidation
rate of pollutant to be degraded. It is importamtemphasize that the carbon felt anode
provides good oxidation efficiency at low currentinsiéies but it is not suitable for high

currents densities that lead to its combustion.

In order to determine the absolute rate constatiteooxidation of SMT, we have used
as before the method of competition kinéti€and the experiment was done in the Pt/Carbon
felt cell at current intensity of 50 mA. As we hasmphasized before this method consists on
simultaneously degradation of the compound of concand a standard compound
(competitor) with a known absolute rate constantsofeaction with hydroxyl radicals.
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p-Hydroxy benzoic (pHBA) acid was used as standaaimpetitor for the
determination of the absolute rate constant of SMiflation by hydroxyl radicals. Assuming
that hydroxyl radicals react only with SMT and pHBA& can write:

d[SMT]
dt

= kgyr[SMT] [HO"] 4.7)

— B4 — ks[pHBA][HO"] (4.8)
As the hydroxyl radicals are very reactive theyehawery short life and a stationary state for
their concentration can be considered. After irdegg and arranging equations (4.70) and
(4.8) we obtain:

[SMT]o _  ksmT [pHBA],
I SMTYe = Topmpa T oHBAL (4.9)

where [SMT} and [pHBA} are the concentrations of sulfamethazine and peixydbenzoic
acid before the beginning of electrolysis. [SMa&hd [pHBA] are the concentration of the

sulfamethazine and the p-hydroxy benzoic acid aftieme t of electrolysis.

Therefore knowing that the absolute rate constamHBA with hydroxyl radicals is
korga = 2.19 x 18 M s*, we can calculate that for the oxidative degramtatif SMT from the

[pHBA]o

[SMT]o _
slope of the graptn—[SMT]t =f(In oHBAlL ).

The concentration decay of SMT and pHBA was folldvaad measured by high performance
liquid chromatography at a given time. The abovétter function for the absolute rate

constant determination of SMT is presented in &if.

The slope of the linear curve shown in the Fig, #éltiplying it by kang = 2.19 X 18Mts

! we obtain the absolute rate constant of SMT oiddaby hydroxyl radicals which results to
beksur = 2.9 x 18 M s, It is a high value indicating high reactivity @H towards SMT.
This value is of the same order as absolute ratstants for oxidation of several aromatic

organic compounds by hydroxylation withH, indicated in the Table 1 (chapter 1).
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Fig. 4.6 Kinetic analysis for the absolute reaction radestant for oxidation of SMT with
"OH. Electro-Fenton cell: Pt/Carbon felts ¥ 300 mL, [F&'] = 0.2 mM, [NaSQ,] = 50 mM,
| =50 mA, pH=3.

4.2. Comparison of the mineralization efficiency

The degradation of organic pollutants is necesbacause they have various adverse
effects on the environment. When an initial orggrottutant degrades during an AOPs, it can
produce other molecular species which may be motessrharmful or not harmful at all for
the environment. Unfortunately the byproducts of degradation by AOPs are very often
even more dangerous for the living organisms tih@nntother pollutant. For this reason the
oxidative degradation of the toxic chemicals musintmue until their complete
transformation on Cand HO (mineralization). The complete mineralizationoo§anics is
a complicated oxidation process and a level of Hiefan is considerably hard to be
achieved. Probably one of the most powerful methodmineralize the organic matter in
aqueous solution is the electro-Fenton processtioaides high total organic carbon removal
(TOC). Furthermore the extent of the organics nahzation with electro-Fenton technology
depends on several parameters, one of the mosalcbaéing the anode material. This section
will give an insight on the effect of anode matkda the mineralization degree by explaining
the results gained with anode materials testethfodegradation of SMT in the previous parts
of this chapter.

As it can be seen in figure 4.7a) the mineralizatocd SMT is improved with the

current intensity for the Pt/Carbon felt cell.

121



30
—e— 100 mA
25 A —a—300 mA
(a) o0
S 20 - ——500 mA
téﬂ —x—700 mA
‘8' 15 1 ——1000 mA
(=
10 -
5 _
O T T T T
0 2 4 6 8
t/h
=
S~
b0
E
3
~ 10 - (b) ——100 mA
5 —a— 500 mA
—=— 1000 mA
0 T T T T
0 2 4 6 8 10

t/h
Fig. 4.7. Effect of applied current intensity on the extehifTOC removal of SMT aqueous
solution in the cell Pt/Carbon felt during (a) BhleeFenton and (b) anodic oxidations ¥
300 ml, pH = 3, , [Ng8Qy] = 50, mM[F€&] = 0.2 mM (for electro-Fenton).

The mineralization rate increases with the curraténsity until 500 mA where the
TOC removal efficiency from the solution reachemaximum. After this optimal current
intensity contrarily the TOC abatement is even lowd current intensities of 700 and 1000
mA, TOC removal curves had almost the same slo@0@smA, and the 1000 mA curve is

even worse after 4 h electrolysis ending with t¥CTremoval as low as for 100 mA.

Fig. 4.7b) shows mineralization curves for anodkaation; it indicates clearly that
the TOC abatement is very weak compared with teetrl-Fenton. Otherwise the anodic

oxidation follows a similar course except that shepe of the curve for 1000 mA is not very
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much lower than that for 500 mA, as it happendiendase of electro-Fenton, but it is slightly

less stepper.

When working under electro-Fenton conditions atQL@®A, parasitic reactions such
as h evolution on the cathode,@volution on the anode and four electron reductib@,
on the cathode, diminish significantly the ratehgfiroxyl radical generation. So the TOC
removal kinetics tends to be less effective. At 508 there is still considerable .8,
production high TOC removal values than at 1000imAlectro-Fenton, and of course, much
more effective than 500 mA in anodic oxidation.

During electro-Fenton treatment a very steep dexfathe mineralization curve is
observed for the first part of electrolysis untihdand then it becomes more flat because the
mineralization slows down. This sluggish minerdii@a reaction by the end of treatment is
considered to be due to the carboxylic acids ag #weumulate in the solution and react
slowly with hydroxyl radicals. Carboxylic acids nmtly are more refractive but they also can
form complexes with iron inhibiting its role of edyst. An effect on this sluggishness of the
mineralization process may have also the diminutibooncentration of catalyst due to its
precipitation in the basic medium created in theepasf carbon felt because of hydrogen
evolution. This can by visibly detected as very Biygllow precipitate particles can be seen
on the carbon felt cathode.

For comparison between electro-Fenton and anodidaten we can take the
percentage of the TOC removal at the end of exparirfor the optimal current intensity of
500 mA. For the mineralization with electro-Fentge have 92.2% of TOC removed at 8 h,
whereas only 41% TOC removal could be achievetleasame conditions at 8 h with anodic

oxidation.

To understand the efficiency of electric currergdjamineralization current efficiency
was calculated for each experiment following théofwing mineralization reaction of SMT:

C1oH14N4O,S +38H0 — 12CG + 4ANGs + SQZ_ + 90H" + 84¢ (4.10)

than the MCE can be obtained from the equation :

n F Vs A(TOC)exp
432x107mlit

MCE % = x 100 (4.11)

with units given in precedent chapter.
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The mineralization current efficiencies in percgatdMCE% for the cell Pt/Carbon

felt are given in the figure 4.7.
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Fig. 4.8 Mineralization current efficiency versus specifiharge per volume unit passed
through the cell, Pt/Carbon felt: (a) Electro-Fent(b) anodic oxidation processes, %300
ml, pH = 3, [Fé'] = 0.2 mM, [NaSQ;] = 50 mM, [Fé"] = 0.2 mM (for electro-Fenton)

It can be clearly seen that MCE% decreases drigtigdh the specific charge passed (and
indirectly with treatment time). At the beginnirfiete is more organic matter in the cell to be
degraded resulting in higher MCE% values. When ¢bacentration of organic matter

decreases during electrolysis, the parasitic r@astoccur simultaneously and after a certain

time they become dominant compared to SMT and byymts oxidation. Consequently, as
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the specific charge increases with time, the qtardf organic matter to be oxidized

decreases continuously making the MCE% falls psxively.

In the case of electro-Fenton, the MCE% are vegit hompared to anodic oxidation,
for example the starting value for electro-Fentb@@0 mA is 24.5 %, but it is 16.5% for the
anodic oxidation which is not surprising. This eapt the additional role of hydroxyl radicals
formed in the solution bulk in the presence of Beé". Now, for the same current more

reactive oxidants are formed giving higher TOC abant per unit specific charge.
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Fig. 4.9 Effect of current intensity on the extent of T@&noval in the cell DSA/Carbon felt.
a) Electro-Fenton, Y= 300 ml, pH = 3, [F€] = 0.2 mM, [NaSQ,] = 50 mM. b) Anodic
mineralization of SMT: ¥= 300 ml, pH = 3, [N&50Q,] = 50 mM.
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The experiments with the DSA/Carbon felt systenmeaded a poorer TOC abatement
than with Pt/carbon felt. As Fig. 4.9a indicates T@C decay is improved with the current
intensity so that 100, 300 and 500 mA curves avserlto each other than when Pt was used
as anode. This means that the optimal currentte@natl for lower values for the DSA
indicating that the OER dominates the SMT oxidagasier than on Pt. Despite this, the TOC
removal is still good for the electro-Fenton treatta Anodic oxidation with DSA is very low
and there is almost no difference between curr@ensities, Fig. 4.9b). A positive effect of
higher current on SMT mineralization when electeston is operating can be attributed to
the bulk hydroxyl radicals which can destroy orgdaiers that possibly formed on the DSA

surface.
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Fig. 4.1Q Mineralization current efficiency versus specificarge passed through the cell,
DSA/Carbon felt. (a) Electro-Fenton and b) anodilation processes.\# 300 ml, pH = 3,
[F€*] = 0.2 mM (for electro-Fenton only), [M&O;] = 50 mM.
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Just like TOC, the MCE% with DSA electrode is smiathan that of Pt (see Fig. 4.8a)
. When the solution is treated with electro-Fentoocess using DSA anode (Fig. 4.10a), the
MCE% have more important values than in the casanoidic oxidation. For the current
intensity of 100 mA, MCE% increases for the eathges of electrolysis because more SMT
is oxidized, and then after 2 h it decreases shavjih the specific charge. As the oxidation

of SMT is not efficient with DSA anode, higher aemts results mostly in energy loss.

Contrarily to oxidation of SMT on BDD anode whialas slower than on that of Pt,
the mineralization process is performed remarkabklyer on the former one. The oxidation of
an organic molecule is easier than the minerabmatiecause the mineralization process
requires several steps and a great number of hydradicals contrarily to oxidation which
necessitates the reaction with one mole of thisdamt. As most of the SMT molecules are in
the bulk they will react quickly with the hydroxyadicals that are generated from electro-
Fenton process. Taking into account the fact thatcbncentration of oxidizing species other
than’OH (as mentioned earlier) in the BDD system is mhigher than in Pt system, a lower
bulk concentration ofOH is expected because of the removal of a quaRgty by these
species. That's why the Pt/Carbon felt is a bitdas degrading SMT than BDD/Carbon felt.
When the initial molecule is broken it is transf@hnin smaller intermediates that react less
with the hydroxyl radicals in the bulk in the cadePt/Carbon felt, but when a BDD anode is
employed high amounts BDIO{H) are formed on its surface which destroy theabig
matter. This does not happen with Pt and DSA anedethey do not generate appreciable
hydroxyl radical quantities, so the mineralizatrate subsides for longer electrolysis time.

The effect of current intensity on mineralizatiohSMT is given in the figure 4.11,
where a new trend is observed. Unlike with the @deat anodes, in the case of BDD anode,
the range of current intensities where the oxidatiborganic molecule can be accelerated is
extended. For Pt and DSA anodes the limit of thenag current intensity was 500 mA,
whereas for BDD anode, the mineralization effickenan be improved even at 1000 mA.
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Fig. 4.11 Effect of current intensity on the extent of T@&noval in the cell BDD/Carbon
felt during mineralization of SMT aqueous solutignfa) Electro-Fenton and b) anodic
oxidation. \4 = 300 ml, pH = 3, [F&€] = 0.2 mM (for electro-Fenton only), [N&O,] = 50
mM. .

This is possible thanks to the high overpotentiaD&R on BDD which enables the
generation and accumulation of hydroxyl radicalsitersurface. Comparing electro-Fenton
and anodic oxidation still another different contpwent appears for BDD that is not seen for
Pt and DSA. The TOC abatement does not change rfraoh electro-Fenton to anodic
oxidation. This result can be related to the faet in the mineralization process BDOH)
play a predominant role compared homogeneé@i$ in the bulk solution. Basing on this
consideration and experimental data, the contobutf anodic oxidation on mineralization

process plays the principal role.
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Fig. 4.12 Mineralization current efficiency versus specificarge passed per volume unit
during mineralization of SMT aqueous solution in BQarbon felt cell (a) Electro-Fenton
and (b) anodic oxidation processes. 300 ml, pH = 3, [F&] = 0.2 mM (for electro-Fenton
only), [N&SQy] = 50 mM.

Obviously MCE% is higher than for the previous expents because the wasting
reactions such as oxygen evolution are not so prédenks to the high Qoverpotential of
this anode material) and more TOC is removed perspecific charge passed in the solution.
The best mineralization current efficiency is ob&al for the current intensity of 100 mA and
its initial value is 43.3% for electro-Fenton and 136 for anodic oxidation, than it falls
steeply down to 16.1% and 15.6% respectively fecteb-Fenton and anodic oxidation.
MCE% is lower when higher current intensities goplied, due to enhancement of wasting

reactions.
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Despite the high overpotential for OER on BDD, oarygevolution is always a very

competitive parasitic reaction at high current value
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Fig. 4.13 Effect of current intensity on the extent of T@@moval in the cell Carbon
felt/Carbon felt. (a) Electro-Fenton and (b) MCE, /300 ml, pH = 3, [F&] = 0.2 mM (in
electro-Fenton), [N&Oy] = 50 mM.

The mineralization with carbon felt is not enhanedth high current densities. We
can see that the mineralization is relatively géad50 mA. At 100 mA the TOC decays
quickly from the beginning until 4 h electrolysisjs almost constant at 6 h and finally it is
higher at 8 h than at 6 h. This result is somettsngprising but considering the results
obtained during degradation experiments, the carborease may come from carbon felt
burning. Also, when the carbon felt is burned tasises more heating in the system which
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leads to water vaporization and volume diminutiesulting in an increase of the total carbon

concentration.

Anyways carbon felt can be an interesting anod¢erral because relatively

good TOC removal values can be reached using laweruintensity. Then a low current

intensity gives higher mineralization current e#ficcy as shown in figure 4.12b).

Table 4.3 gives some summarized data about theratipation of SMT with different

anodes.

Table 4.3. TOC removal percentages during eleceatbn treatment as function of

anode material and current intensity at a treatmigme of 2 and 6 h.

Cell Pt DSA BDD CF
I (MA) % TOQmeval 2h / 6h

50 33.6/68.2
100 35.5/69.6 25.5262. 57.2/91.9 44.4]70.2
300 55.9/83.9 34.1/71.1 76.4/96.8

500 71.5/90.3 41.9/76.1 84.7/97.9

700 61.4/81.7 14.8/75.2 88.2/97.2

1000 54.7/75.8 26.3/46.1 90.1/98.5

Table 4.4. TOC removal percentages as a functioanafde material and current

intensity during anodic oxidation.

Cell Pt BS BDD CF
I (mA) % TOC renad\2 h/6 h

100 12.5/15.8 5.2/8.3 48.7/88.1 0/0
500 25.7/36.8 9.6/10.8 69.4/94.6 0/0
1000 24.0/41.4 9.8/9.8 80.9/97.4 0/0

The mineralization power of anodes according to%¥#OC removal values given in

the table 4.3 can be ranged as following: BDD >>FDSA, whereas carbon felt is only

effective for currents smaller than 50 mA being aj® more efficient than DSA. The TOC

abatement improves with current intensity up to 508 for Pt and DSA whereas for BDD
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we can obtain higher percentages of TOC abatemeamt for that of 1000 mA. It is also
important to note that although the TOC removaicefhcy increases with current intensity
until 2000 mA, the slope of the curves startingrfrb00 mA are very close to each other.

TOC removal percentages for anodic oxidation amgel than those for electro-
Fenton. This effect is more pronounced for Pt aadiqularly for DSA electrode and it is less

observed for BDD electrode.

The outstanding oxidation power of BDD comes, ashaee stated before, from the
generation of additional hydroxyl radicals on itsface which are weakly physio-sorbed and
are free to react. In the case of DSA anode, thetreinic structure permits higher oxidation
states for iridium without free hydroxyl radical feation. Thus Ir (IV) in IrQ passes to Ir
(V1) as IrGs;, now the iridium trioxide oxidizes the organic teatwhich is rather a slow
chemical reaction. At high current intensities kigh potentials) the ©evolution rate from
IrO3 according to the reaction (90) becomes faster 8l oxidation by IrQ lowering its
oxidation efficiency. Higher oxidation states hdeen proposed for Pt af$g but as oxygen
evolution overpotential is higher than on DSA, dnplantities of hydroxyl radicals are

possible.

4.3. Determination and evolution of carboxylic acid during electro-Fenton
treatment of SMT

The electrochemical degradation of organic compousdaccompanied with the
intermediate product formati6ti¢33%* Short chain carboxylic acitfé*’"and probably some
aliphatics, are the lowest organic molecular sgefiemed before complete transformation of
organic compounds in GOH,O and inorganic ions (if the molecule contains fogtioms).
Depending on the structure of the molecule to bgratked many carboxylic acids can be
formed. The electrode material that is used foratkidation of the pristine compound has also
an important impact on the carboxylic acids thdt n@ present in the solution as well as their
concentrations.

Figure 4.14 shows the experimental curves of differcarboxylic acids that are
obtained during the degradation of the initial prtdon Pt, DSA and BDD cells. Short chain
carboxylic acids were identified and quantified foree electrolytic systems. Six of them
could be quantified for the Pt/Carbon felt cell mdynoxalic, glyoxylic, maleic, formic
fumaric and acetic acids. Some other could notlbatified or quantified either because their
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chromatographic peaks were very close or they @&exery low concentration and could not
be determined. For the BDD/Carbon felt cell oxadigoxylic, pyruvic and formic acids were
guantified. The DSA/carbon felt system gave momba@aylic acids than two others and in
that case we have quantified oxalic, oxamic, forrtactronic, malonic, maleic and glyocylic

acid.

It can be seen that carboxylic acids starts to beergéed immediately from the
beginning of the electrolysis In the case of BD &t anode a smaller number of carboxylic
acids could be determined because of the more zmglicapabilities of these anodes
compared to DSA. The concentrations of carboxyticis accumulated in different systems
are not the same. The lowest concentrations weesuned for the BDD/carbon felt system,
what explains also the better mineralization edficy of this couple. In the Pt/Carbon felt
system there is still some oxalic, acetic and fuacid that remains in the solution, whereas
for the BDD/Carbon felt anodes these acids could betdetected after 300 minutes of
electrolysis. However some unidentified peaks reedi at the end of electro-Fenton
treatment of SMT, only two/three of them for the BWvhereas their number and area were

more important for Pt and much more for DSA.
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Fig 4.14 Time course of carboxylic acids formed duringc#le-Fenton treatment of SMT
with different electrolytic cells: (a) Pt/Carboritfgb) DSA/Carbon felt and (c) BDD/Carbon
felt. Vs = 300 ml, [SMT] = 0.2 mM, [F&€] = 0.2 mM, [NaSQ;] = 50 mM, | = 300 mA, pH =
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Glyoxylic acid appears very quickly and then dgegrs being transformed in other
carboxylic acids like oxalic and fornift. Oxalic and formic acids stays longer in the
solutions because they can be formed from oxidatibother’'s acids (glyoxylic, glycolic,
pyruvic, malonic, succinic, maleic, fumaric etcs @eported by Oturan et*3l The poorer
mineralization obtained with DSA/Carbon felt systesmmanifested with higher carboxylic
acids accumulation as is shown in Fig 4.13b). Tlaeeefour remaining carboxylic acids that
could be quantified in the solution at the end lecgolysis at 8 hours, namely glyoxylic,

oxalic, oxamic and formic acid.
4.4. Evolution of inorganic ions during the mineraization of SMT

When the organic molecule contains heteroatomstsn structure, then during
mineralization, the corresponding inorganic ion#l b released to the solutithy’443°¢367
The release of inorganic ions is another proof thatorganic molecule has been mineralized.

Sulfamethazine is a sulfonamide antibiotic whichtaors two hetero atoms: Nitrogen
N and sulfur S. Consequently at least three inacg@ms are expected to be detected in the
solution: nitrate N@, ammonium NH" and sulphate S®. The analysis of inorganic ions
during mineralization has been realized by ionimaoiatography in the conditions described

in the second chapter. The evolution of inorgaoitsiis presented in the Fig. 4.15 below.

As the molecule of SMT contains one sulfur atom #nd nitrogen atoms, 0.2 mM
concentration of S and 0.8 mM as the sum of N@nd NH" are expected to be formed in
the solution for a complete mineralization. In #hi@ses it can be noticed the characteristic of
immediate evolution of S£& attaining 100% of its expected value in thirtiéitlst minutes.
The very rapid appearance of the quantitative’Sédiggests that the SMT degradation starts

mostly by sulfur extrusion from the molecule.
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Fig. 4.15 Time course of inorganic ions formed during eledtenton treatment of SMT with
electrolytic cells: (a) Pt/Carbon felt, (b) DSA/®Gan felt and (c) BDD/Carbon felt. For NO
Vs =300 mL, [SMT} = 0.2 mM, [Fé'] = 0.2 mM, [NaSQ,] = 50 mM, | = 500 mA, pH = 3.
For NH;": Vs = 300 mL, [SMT] = 0.2 mM, [F€] = 0.2 mM, [K:SQy] = 50 mM, | = 500 mA.
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pH = 3. For S& : Vs = 300 mL, [SMT] = 0.2 mM, [F€] = 0.2 mM, [KCI] = 50 mM, | =
500 mA, pH = 3.

Nitrogen is released in different quantities aates from SMT, depending on the
anode used. For the Pt anode the sum of l@d NH" determined in the cell represents
90.2% of the nitrogen theoretically calculated tbe sulfamethazine molecule. At the
beginning of the experiment NOis slowly evolved than between three and six hahes
most if it is released. After six hours the curgeaimost flat. N is released at lower
concentration and it continues to increase venylsiafter six hours. The nitrogen released as
NOs; and NH' in the DSA/Carbon felt cell is the lowest as expddrom its mineralization
extent achieved for SMT. A part of it remains in gaution in the form of oxamic acid as it
is shown in the figure 4.14b. 62% of the theoretittogen could be determined in the
electrolyzed solution with this system. The higheistogen concentration was measured in
the BDD/Carbon felt cell, where 96.7% of the vatxgected was determined. The Né@nd
NH," are released quickly until 4 h and then a plaisaeached. This value corresponds to
the high removal percentage of TOC with this an@ieall amounts of nitrogen can also be

escaped from the solution as ammonia for all tbeds.
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4.5. Conclusions

In this chapter, the effect of four anode materigls DSA, BDD and Carbon felt, on the
electro-Fenton efficiency has been treated. Appasatconstants calculated as a function of
current intensity revealed that a small differencethe degradation efficiency exist between
the anodes tested. According to apparent rate aoinstalues the best anode for SMT
degradation was Carbon felt followed by Pt > BDIDSA. The absolute rate constant of the
reaction of hydroxyl radicals with SMT is signifitidy high and of the order of many
aromatic compounds. In contrast this order wasohserved for the mineralization of SMT
where it was; BDD > Pt > DSA, where Carbon felt Idoonly be used for low current
intensity of 50 mA because it burned for higherrents. When BDD was used as anode an
adverse effect could be observed on the electrteRegprocess because of the oxidation of
Fe’* in FE*. That is why even that the electro-Fenton supploateodic oxidation with BDD
is not much more effective than anodic oxidatiorydak it is for the case of other anodes).
Despite the reduced effect of electro-Fenton m®oshen BDD is used, the best
mineralization current efficiencies were achievedthe BDD/Carbon felt system. This is due
to the more TOC removal for the unit specific cleammwving to the high production of
hydroxyl radicals and other oxidants on BDD surface

The analysis of short-chain carboxylic acids shbeat a smaller number of them
were accumulated in a significant quantity to bargified when a BDD anode was employed
than for other systems. In the BDD/Carbon felt,cetl more acids could be measured after
300 min electrolysis, whereas even after 8 h edgdis there remained still carboxylic acids
for the Pt/Carbon felt and much more for the DSAHQOa felt cell.

The release of inorganic ions also showed that BB anode was the most
performing anode where nitrogen was released alioposititatively. Sulphur was released
completely in all cells and very quickly suggestitige SMT degradation proceeded

extensively by sulphur extrusion.
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CHAPTER 5

THE INFLUENCE OF CATHODE MATERIAL ON ELECTRO-FENTON
PROCESS EFFICIENCY
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5. KINETICS OF DEGRADATION AND MINERALIZATION OF SM T WITH
DIFERENT CATHODES

Since in the electro-Fenton process the Fentoigenat that lead to the formation of
the main oxidizing species, namé@H is generated on the cathode surface, as digtusse
the bibliographic section, its nature plays a @algole on the destruction of organic
pollutants. In this chapter will be presented tlx@ezimental data obtained with different
cathodes, namely: carbon sponge of five differembgity, carbon felt, and stainless steel.
Degradation and mineralization experiments werézegh using platinum as anode for each
cathode studied. We have also done the dosagedobdmn peroxide during electrolysis and

its dependence on current intensity for all théodes.

5.1. Hydrogen peroxide dosage in different electrgtic cells

Hydrogen peroxide is a fundamental reagent in tleetr®-Fenton technology for
polluted water treatment. Its concentration in simdution influences directly the oxidation
rate of the organic pollutants.

The dosage of hydrogen peroxide in the electrolgglls equipped with different
cathodes has been realized to estimate their ¢gpadtenton’s reagent production. This data
will also help to explain better the results disadin the proceeding section on degradation

and mineralization of sulfamethazine as a moddufzoit.

Experiments were realized in 250 mL electrolytitl, dbe same used for the study of
the kinetics of oxidative degradation. It is equgpof the cathode to be studied and the Pt
anode. Sodium sulphate was added as supportingatyée and the pH was adjusted at 3.
The compressed air was bubbled through the solutbion10 min before starting the
electrolysis, in order to attain an oxygen satwra@lution, the bubbling continued during all

the experiment as usually.
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Figure 5.1 shows the J, evolution with the time ([KD,] = f(t)) for the carbon
sponge cathodes of 45 ppi and 80 ppi porosities.
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Fig. 5.1 Evolution of hydrogen peroxide in the cells camitag carbon sponge cathode of (a)
45 ppi and (b) 80 ppi porosity under continuous passed air bubbling conditionss ¥ 250
mL, [NaSQy] = 50 mM, pH = 3.

As soon as the electrical current passes througltel, HO, starts to be generated.
At the beginning of electrolysis the rate of getieraof hydrogen peroxide is very rapid until
reaching plateau and thenremains almost constaetplateau is attained when the rate of its
production at cathode equals the rate of destruetcmording to the reactions 109, 110, 111.
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For lower current intensities of 50, 100 and 200 thA plateau is reached at around 1 h
whereas for 300, 400 and 500 mA it is reached edrB0 minutes. As can be seen in the Fig.
5.1 the evolution of KD, is very rapid, in fact at 20 minutes the most pHrthydrogen
peroxide is formed for all currents. The curves\agy close for 10 first minutes where the
maximum of hydrogen peroxide is already reachedhigher currents and they continue to
increase until 1 h for lower currents. Clearly @arlsponge of 45 ppi gave higher amounts of
H,0, than that of the 80 ppi porosity, and this owingits more favorable macrostructure
which provides better mass transport conditionse Thaximal concentration for both
cathodes is reached for 100 mA whereas currennsiites higher than this value led to
inferior hydrogen peroxide production. This is hesm of the enhancement of four electron
O, reduction to water (reaction 104) with high currdot potential). Maximal bD;
concentrations accumulated in the cell were 3.5 faM45 ppi and 2.4 mM for the 80 ppi

carbon sponge cathodes.

The results obtained with carbon felt and stainktesl| cathodes are given in the Fig.
5.2. Similarly, the hydrogen production improvedhihe increasing current from 50 mA to
100 mA then it was poorer for higher currents. Halgo a very important quantity of
hydrogen peroxide is produced at early stage dftrelysis and after 20 min or 1 h the
plateau was attained. Carbon felt capacity fe©Hproduction was much lower than that of
carbon sponge cathode, the maximal concentrati@unaglated for the optimal current
intensity of 100 mA was 1.2 mM. For stainless ste#hode very low concentrations were
measured for 50 and 100 mA, beyond 100 mA currgensity hydrogen peroxide only could

be detected but not quantified because of verydomcentrations.

There is something to be noted when analyzing tligdgen peroxide evolution and
degradation of organic compound curves. It is cleat the maximum concentration of®}
is reached at 100 mA; nevertheless the degradafi®@MT accelerates until 300 mA or 400
mA. According to the maximal hydrogen peroxide awalation in the solution, the maximal
degradation rate should be achieved at 100 mAadn this does not happen because the
degradation of SMT proceeds until 300 mA. TheOH generated at higher currents
decomposes on cathode and anode and also by ta eff heat, where by lower,8,
accumulation. In the case of SMT degradation th@®,Hjenerated reacts immediately with
the catalyst F& resulting in ‘OH production, so, there is not much time left s
decomposition in other ways. The anodic oxidatioprioves beyond 100 mA too. This leads
to higher degradation of SMT at 300 mA.
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Fig. 5.2 Evolution of the concentration hydrogen peroxia¢he cells containing (a) Carbon
felt and (b) Stainless steel cathodes under contsmigompressed air bubbling conditions. V
= 250 mL, [NaSQy] = 50 mM, pH = 3.

5.2. The effect of current intensity and cathode ntarial on the degradation rate
of SMT

To evaluate the effect of cathode material on tede€enton process efficiency,
degradation experiments of SMT were brought abown electrolytic cell of 250 mL. The
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cathode dimensions were 6 x 3.5 x 1 cm. The appligtent intensities ranged from 50 mA
to 500 mA,; solution pH was adjusted to 3 the opliwedue for electro-Fenton process and
compressed air was bubbled continuously throughaasgtube to maintain the solution
saturated in @ As usually samples were withdrawn regularly analyzed by HPLC.

Figure 5.3 shows the effect of current intensitytioe kinetic curves C = f (t) for the
degradation of SMT when carbon sponge cathodesiffefreht porosity were used. The
cathodes were of five porosities; 30, 45, 60, 89 HdO ppi (pores per linear inch. Clearly the
slope of curves becomes steeper when | is increasadesult of Fenton’s reagent generation
in high quantities.
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Fig. 5.3 Effect of current intensity on the degradatioteraf SMT during electro-Fenton
oxidation using carbon sponge (CS) of five differpotosity: (a) Pt/CS30 ppi, b) Pt/CS45
ppi, ¢) Pt/CS60 ppi, d) Pt/CS80 ppi and e) Pt/CSAPO Vs = 250 mL, [SMT] = 0.2 mM,

[Fe*'] = 0.2 mM, [NaSQ;] = 50 mM, pH = 3.
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The shape of concentration decay curves indicdi@isthere is always a pseudo first order
kinetics that governs the degradation reaction.fdot, all cathodes exhibit excellent
degradation efficiency, but no very significantfelience is observed between them. The
degradation rate is the lowest with the 30 ppi addhdahen it increase with 45 ppi which is
even closer with 60 ppi and it decreases slighity80 and 100 ppi. An optimal current limit
for the rate of degradation is attained at 300 re@ealing the intensification of parasitic
reactions for higher currents. These are the commeawctions of four electron oxygen
reduction instead of two electron reduction fogOpl production at cathode, as well as
hydrogen evolution at cathode and oxygen evolutéibanode which compete with organics

oxidation.

The effect of the current intensity on oxidationQMT for the case of carbon felt
cathode is presented in figure 5.4. The SMT degréaster when current intensity increases
from 50 mA to 200-300 mA where the limit of the @adf degradation is attained. This
happens due to lower,B, concentration in the solution at current inteesitof 400 and 500
mA than for than of 200-300 mAt high current intensities, the contribution ofoaic oxidation
becomes important and compensates the loss ofeeific at cathode due to the wasting reactions
Compared to other electro-Fenton cell 400 and 58Ccarves are very much slower than that
obtained at 200 mA. As it has been shown in previsaction, the hydrogen peroxide
accumulation is the highest at 100 mA. That is Wig/rate of degradation at 50 and 100 mA
is not very far from that at 400 and 500 mA.
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Fig. 5.4 Effect of current intensity on the degradatioteraf SMT in the Pt /Carbon felt cell.
V=250 mL, [SMT] = 0.2 mM, [F&€] = 0.2 mM, [NaSQ,] = 50 mM, pH = 3.
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The experiments with the electrolytic system Piff¢as steel reveal another behavior
(Fig. 5.5).
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Fig. 5.5 Effect of current intensity on the electro-Fentbegradation rate of SMT in the
Pt/Stainless steel cell.s¥ 250 mL, [SMT] = 0.2 mM, [F&] = 0.2 mM, [NaSQy] = 50 mM,
pH = 3.

In this graph oxidation curves show a very slowgrddation reaction. The
concentration of SMT decays with the time accordiogpseudo first order reaction. The
oxidation is relatively faster for higher currentansities up to 300 mA, and then for 400 and
500 mA one can observe that the oxidation is alnebghe same efficacity. An important

remark is that traces of SMT could be found everitfe most effective currents.

To resume the performance of cathodes tested, enatiring table of rate constants
for the degradation of SMT obtained from semi-laanic plots In (Co/C) = f (t) is given
below.

According to the data given in the table rate camst increase with the current
intensity until the optimal value of current is cbad. The optimal current intensity for which
highest rate constants are observed varies witardift cathodes. It is attained at 300 — 400
mA for carbon sponge 30 — 60 ppi and at 200 — 3B0fon carbon sponge 80 — 100 ppi and
carbon felt, 300 mA for stainless steel cathodes.
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Table 5.1. Apparent rate constants observed dumegradation of SMT in an
electrolytic cell constituted of different electesdas a function of current intensity.

Cell CS30 ppi CS45 ppi SBD ppi CS80 ppi CS100ppi CF S Steel
| (mA) Kapdmin™

50 0.11 0.19 0.19 0.19 0.19 0.06 0.03
100 0.22 0.34 0.28 0.28 0.29 0.07 0.04
200 0.36 0.49 0.43 0.42 0.38 0.14 0.06
300 0.41 0.60 0.50 0.43 0.39 0.16 0.07
400 0.43 0.61 0.48 0.41 0.37 0.11 0.07
500 0.37 0.57 0.38 0.33 0.31 0.09 0.06

The best cathode for SMT degradation was founddocarbon sponge 45 ppi,
exhibiting excellent removal rates. The lowest ratmstants were obtained with carbon
sponge 30 and 100 ppi porosity. In the other sideagbon sponge cathodes were much more
performing than carbon felt and stainless steel. fb@rest degradation could be achieved
with stainless steel cathode, even with the beitierent intensity no complete oxidation of
SMT occurred after 90 min. of electrolysis. Thisbiscause of small specific surface which
gives no significant quantity of hydrogen peroxidie.contrast carbon based cathodes are
three dimensional and have large surface areashvgipport hydrogen peroxide production
at higher quantities.

However a big difference between carbon spongecarabn felt is also evident. This
can be explained by considering the hydrodynamndlitmns in the bulk of cathodes. Carbon
felt is a very porous material with a large surfacea even more porous than carbon sponge
so that we could expect better performance fromnitfact experiments demonstrate the
contrary. Carbon felt physical structure being vieoyous and dens hamper the mass transfer
in its bulk. Similarly can be explained the diffece on degradation rate constants between
carbon sponge cathodes; starting with 30 ppi tteeqanstant increases for 45 ppi then owing
to the increase in the surface area, and thercredses for 60 ppi and mostly for 80 and 100
ppi because of unfavorable mass transport conditions
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5.3. The effect of current intensity on the minerakation of SMT

Mineralization experiments were also achieved torede of oxidizing power of the
electro-Fenton systems with different cathodes. Expnts have been done under the same
conditions as degradation experiments. Currenhgities of 50, 100, 300, and 500 mA were
applied. Higher current intensities like 700 andd@OnA were not applied as when testing
anodes during mineralization, because the cathoflssiall surfaces could not resist to high
current intensities. The high electric resistan@snic drop IXR) led to heating the solution
and the collapse of the system. The results oltdwrefive carbon sponge cathodes are given

in the figure 5.6.

35

—o—50 mA

TOC (mg/L)

O T T T T
0 2 4 6 8
t/h
35
—e— 50 mA
30 —+—100 mA
25 300 mA
g 20 —=—500 mA
£
S 15
o
F 10
5
O T T T T
0 2 4 6 8 10
t/h

149



35
—o—50 mA
=
S~
[-T]
E
(8}
o
-
t/h
35
—o—50 mA
=
N~
oo
E
Q
o
[
0 I 1 1 1
0 2 4 6 8 10
t/h
=
S~
o8
£
(8}
o
[
O T T T T

t/h

Fig. 5.6 Effect of current intensity on the mineralizatioh SMT in the Pt/Carbon sponge
cell. a) 30 ppi, b) 45 ppi, c) 60 ppi, d) 80 ppi, OO0 ppi, \& = 250 mL, [SMT] = 0.2 mM,
[Fe] = 0.2 mM, [NaSQ,] = 50 mM, pH = 3.
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The TOC decay is exponential with time and varigth veurrent intensity being
steeper for higher values. Here again the effigiemf@batement follows a similar order as for
oxidation experiments. The TOC removal is the ldwes 30 ppi carbon sponge cathode, it
increases for 45 ppi being almost identic with 60 @pd decreasing for 80 and 100 ppi
porosities. The TOC removal for 45 ppi cathode et optimal current was 91.1%. The
optimal current for TOC abatement for all five cathe was 300 mA whereas 500 mA was

showed almost identic results.

Lower percentages of mineralization of organictaratvere obtained with the carbon
felt cathode (Fig. 5.7). 55.7% of initial TOC wdsetmaximal value that could be removed
from the solution at 300 mA. It can be noticed tbatves are closer each other than for
carbon sponge cathodes. This is because for loweegrtd intensities applied here 50 mA and
100 mA more hydrogen peroxide can be produced winetagher electro-Fenton action. At
300 mA the anodic oxidation is more intensive anthpensates the loss of efficiency of
cathode for higher currents, and hydrogen peroxids at anode. So increasing current
intensity favors anodic oxidations but reduce tfiece of electro-Fenton that is why curves

are not very different.
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Fig. 5.7. Effect of current intensity on the mineralizatiohSMT in the Pt/Carbon felt cell.V
=250 mL, [SMT] = 0.2 mM, [F&] = 0.2 mM, [NaSQy] = 50 mM, pH = 3.

The poorest mineralization extent was observedPfid6tainless steel cell. Results
obtained with Stainless steel cathode are giveharfigure. 5.8. As it can be seen the curves

are almost those characteristic for anodic oxidatwith Pt which exhibits lower
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mineralization efficiency seen in chapter 3. Oniy136 of the initial TOC could be removed

from the solution with this cell at 300 mA, whichthe lowest value obtained than all others.
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Fig. 5.8 Effect of current intensity on the mineralizatiohSMT in the Pt/Stainless steel cell.
Vs =250 mL, [SMT] = 0.2 mM, [F€] = 0.2 mM, [NaSQy] = 50 mM, pH = 3.

A resuming table representing TOC removal in peaged at 8 h electrolysis for all the
cathodes tested is given below.

Table 5.2. TOC percentage removal from differeettedlytic cells as a function of

current intensity.

Cell CP30ppi CP45ppi CP60ppi CPBBI CP100ppi CF S Steel

I (mA) % TOC rewal 8h

50 46.5 63.4 62. 54.8 54.1 43.4 20.9
100 67.7 76.6 74.3 69.7 69.7 49.7 29.9
300 80.2 91.1 91.2 83.9 82.6 55.6 37.2
500 79.5 90.1 83.6 83.3 80.7 56.6 41.2

The tabled data reveal that the most effectiveadghfor the TOC abatement is the
carbon sponge of porosity of 45 ppi and 60 ppi.bGarsponge of 80 and 100 ppi porosities
have very similar performance. All carbon spongihades could remarkably better support
electro-Fenton process than two others. TOC abatemith stainless steel was the lowest

whereas carbon felt exhibited mediate TOC remoxtard.
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High surface area, the rigid and porous structfidoon sponge provided very good
mass transport conditions leading to higher amoahtd,O, production and faster catalyst
Fe* regeneration, responsible for high mineralizatifficiencies. Stainless steel did not
provide interesting mineralization percentages bgeaf its small surface are and poeOH

production ability.

5.4. Mineralization current efficiency

To have an idea of energy consumption when a cativadeused for electro-Fenton
treatment, mineralization current efficiency wadcuokated for each cathode and current
applied. The data obtained are plotted versus Bpetiarge consumed during electrolysis in
the Fig. 5.9.
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Fig. 5.9 Mineralization current efficiency of electro-Fentprocess during mineralization of
SMT aqueous solutions using Pt anode and differatitode material: (a) Carbon sponge 45
ppi, (b) Carbon felt and (c) Stainless steel=\250 ml, [SMT] = 0.2 mM, [F&] = 0.2 mM,
[Na;SOy] = 50 mM, pH = 3.

As the anode was always platinum and considerirgctimtribution of Pt(OH) is
similar for each cell, the difference in MCE chasigae only a result of cathode employed.
The differences between three cathodes are obviehigre carbon sponge 45 ppi is
distinguished for its better MCE value. The initmineralization current efficiency for carbon
sponge 45 ppi is 36.8% when 50 mA is applied, &ed it decreases steeply with the specific
charge passed. MCE decays because of the decreasganic species in the solution, which
means that less organic matter is available to dggadied for the same charge passed (as
current intensity is constant). The production ofren persistent at as the formation of
carboxylic acids along the electrolysis which aiddially can form complexes with iron ions
is another inhibiting factor which reduces the aéfincy. The MCE is lower when current
intensity increases, as already explained at higinents parasitic reactions like oxygen
evolution on anode and hydrogen evolution on catlmEtmmes more and more intensive.
These reactions lower the contribution of anodeSdfT oxidation and the production of

Fenton’s reagent on cathode.

MCE is neatly smaller for the case of carbon éelthode and it is very low for the
stainless steel. For 50 mA the initial MCE value ¢arbon felt is 23.3% whereas it is only
3.9% for stainless steel cathode. It can be notibed MCE increases with the specific

charge, (Fig. 5.9¢), at the beginning of electnslysd then it decreases steeply. This increase
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is because the mineralization of SMT (Fig. 5.8%lmwer at the begining then it accelerates

slightly between 1 and 4 h.

5.5 Choosing the best electrode material for eledrFenton process

In the previous chapters it resulted that BDD waes most efficient anode for the

electro-Fenton process. Then, different cathode® wested using platinum as anode. We

used the platinum as anode in order to see bétteeffect of cathode, because as already

demonstrated BDD anode can hide to some extentldstro-Fenton process because of

hampering catalyst regeneration and the additiogdioxyl radicals created on its surface.
After determining the best anode and cathode (BRIGN sponge 45 ppi) degradation and

mineralization experiments were realized with thest couple chosen.
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Fig. 5.1Q Effect of current intensity on the oxidation d1% (a) and mineralization of its
agueous solution (b) in the BDD/Carbon sponge 4%eih Vs = 250 mL, [SMT] = 0.2 mM,
[Fe*'] = 0.2 mM, [NaSQ;] = 50 mM, pH = 3.
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Fig. 5.11 Mineralization current efficiency during electf@nton oxidation of SMT
usingBDD/Carbon sponge 45 ppi cells ¥ 250 mL, [SMT] = 0.2 mM, [F€] = 0.2 mM,
[Na;SOQy] = 50 mM, pH = 3.

In the part (a) of the figure 5.10 are shown theekt curves for SMT oxidative
degradation. The optimal current intensity is agdi at 300 mA. The slope of the curves is
slightly lower compared to those obtained in samedgions with Pt, because the already
mentioned effect of BDD on the active form of cgsal In contrast the TOC abatement is
much higher in the BDD/Carbon sponge 45 ppi celhgwio the action of both very intensive
‘OH production in the solution bulk and those fornmedthe BDD surface, MQH). So,
complete disappearance of SMT was reached at 60fonithe lowest current intensity of 50
mA, and at 15 min under currents of 200-500 mA. @& other hand the TOC removal
(mineralization) is almost complete (95% of TOC osal) at 4 h electrolysis at 500 mA (Fig.
5.10Db).

Table. 5.3. Apparent rate constants and TOC peaggsntremoval observed during
electro-Fenton treatment of SMT aqueous solutigh #DD/Carbon sponge 45 pp. cell.

| (MA) dedmin™ TOC removal at 6h / %
50 0.12 7.7

100 0.21 82.6

200 03%

300 0.38 95

400 036 0 -

500 0.35 98
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Apparent rate constants and TOC removal perceniagegiven in the Table 5.3 SMT has

almost completely mineralized at 6 h electroly#is. effective TOC removal means good

mineralization efficiency, as shown in figure 5.MCE percentages are higher than for the
same experiments when platinum was used as andlde game conditions. In fact, from 36.8

% initial MCE for Pt/Carbon sponge 45 ppi it incsed at 44.7 % for BDD/Carbon sponge 45
ppi when 50 mA were applied. The initial MCE valwesre 11.7 % for Pt/Carbon sponge 45
ppi whereas it increased up to 23.5 % in case dDEIarbon sponge 45 ppi.
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5.6 Conclusions

Degradation and mineralization experiments werbzezhto evaluate the performance
of different cathodes. Hydrogen peroxide which Ilstamed during the electrochemical
reduction was dosed for all electrolytic cells. &y the best couple anode-cathode was
selected by performing degradation and minerabpatexperiments. Between cathode
materials tested, carbon sponge exhibited the reestts. From carbon sponge cathodes the
most interesting results were obtained with thehadé¢ of porosity 45 ppi. Then the
comparison with carbon felt and stainless steel gaedollowing performance order: carbon
sponge > carbon felt > stainless steel. Thesetsesmdre confirmed by hydrogen peroxide
dosage experiments where the same rang in its produevere found. The better
performance of carbon sponge 45 ppi can be atéibtd its very appropriate mass transport
conditions. Its high surface is due to high posoamd also hard constitution which is stable
and allows very god circulation of the solutionaigh it. So molecular oxygen can easily
reach to its bulk surface, and hydrogen peroxideegged can move freely towards the bulk
of the solution where it reacts with ¥do give hydroxyl radicals. The transport of &nd
H,0O; is hampered in carbon felt because of its moreselstructure leading to lower Fenton’s
reactive generation. Stainless steel has a veryl sovdace compared to carbon sponge and
carbon felt whereby its very low efficiency for Fents reagent production.

So after the determination of the best cathodejas coupled to the best anode, the
BDD, determined in the previous experiments for éhectro-Fenton processl. The results
obtained clearly revealed it as the best couplel@amathode to be applied in electro-Fenton

technology for water remediation.

158



GENERAL CONCLUSIONS

This study has been realised in the frame of treatrof polluted water technologies,
with the aim of estimating the influence of diffateelectrode (anode and cathode) materials
on efficiency of the electrochemical advanced oahaprocess "electro-Fenton”. This is a
technique based on the in situ production of hydroradicals ‘OH through the
electrochemically assisted Fenton’'s reaction. Tsi the efficiency of organic pollutants
abatement with several electrodes, two model poikst namely sulfamethazine SMT and
amoxicillin AMX has been selected. These two compisuare belonging to antibiotic family
and are very frequently found in waters and repredisturbing properties for the aquatic life
(as explained in the introduction).

A systematic study on the anodic oxidation of AMXd mineralization of its aqueous
solution with anodes Pt, DSA, BDD, PhR@sraphite, Carbon felt and Carbon fibre showed a
strong dependence of oxidation efficiency on thedenmaterial. The most efficient anode for
the anodic oxidation of AMX was BDD due to its higlapacity to generate the highly
oxidizing agent BDDOH) from water water oxidation but also the elegémeretad oxidants
like S,0¢%, Os, H,O, that undergo mediated oxidation in the solutiome Generation of such
oxidants on the BDD surface is due to its high @ygvolution overpotential, which is not
the case of the DSA anode. This last anode sholw @fficiency for the degradation and
mineralization of AMX. DSA presents a low oxygenokuion overpotential, therefore
generates less quantities of hydroxyl radicals extdbits lover oxidation power compared to
BDD anode. In addition, the intensive &volution hampers the production of possible other
oxidants from electrolyte anions ($Q. Pt, Pb®, Graphite and Carbon fibre represented
medium efficiencies inAMX abatement. Carbon baseddas showed a—+rere characteristic
behavior, they could perform the degradation of ABt{over current intensities, and he only
graphite could perform the mineralization for cateeof 150 mA and lower. The rate of
AMX oxidative degradation was remarkable with carlbelt, it was even better than that with
BDD at the beginning of electrolysis but then wveéd down by the end of treatment. This
was because of the destruction of anode underftbet ®f electric potential, that led to the

complete failure in the case of the mineralizatdAMX.

In terms of energy consumption, mineralization reat efficiencies MCE (in
percentage) were calculated from experimental @ataeach anode. MCE as a function of
specific charge showed that the highest minerahizagfficiencies were reached with the
BDD anode with lower current intensities (11.09298, and 4.7% for 300, 500 and 1000 mA
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respectively) followed by PbO> Pt > DSA. It should be remarked that better &fficies
were reached with Graphite (7.0 and 14.9% for 50 50 mA respectively) than with Pt and
DSA anodes (Pt/3.0%, 3.2% and 2.0% for 300, 500 #0600 mA respectively, and
DSA/0.1%, 0.3% and 0.5% for 300, 500 and 1000 msgpeetively). This leads to the
conclusion that graphite is a material of intetestause it is cheap and can be very useful in
coupled techniques of water treatment (it doesaffatr high mineralization degrees when
used as anode, but the level of mineralizationregthmay be sufficient for a biological post-

treatment).

Afterwards, a comparative study was realised viotlr anodes: Pt, DSA, BDD and
Carbon felt to assess their influence on electmudie process. The SMT degradation
experiments revealed that apparent rate constams amost similar for Pt, DSA and BDD
although the oxidation capacities of these anodeseary different (as shown by the anodic
oxidation curves). Taking in consideration the fdwt electro-Fenton degradation of SMT
was remarkably faster than anodic oxidation onlg can explain why the rate of degradation
is not very different for the different anodes. the surface of cathode was always the same,
the same amount of hydroxyl radicals was generateithe solution and this is the main
oxidizing agent that degrades SMT. As most of SMilerules are oxidized bPH radicals
generated in the bulk of solution (where they amemed) the prevailing effect of electro-
Fenton is only observed. At the contrary, much hightes of degradation are observed with
carbon felt than with Pt, DSA and BDD due to mualgér surface area of the carbon felt
electrode.

The kinetic analysis realised by the method of petmion kinetics taking p-
hydroxybezoic acid as standard competitor revetilad the reaction of SMT witfOH is a

very fast reaction of order 1@nol* L s™.

The mineralization experiments showed a completiffierent behaviour of these
anodes. Carbon felt that could perform very weidakon of SMT could only give medium
TOC removal for current intensity lower than 100 ras it was damaged for higher current
values. The best TOC removal percentages werenattawith BDD where the TOC
abatement of organic content could be improved|ub®00 mA. Platinum was less
performing than BDD but better than DSA. Unlike BDEt and DSA represented an optimal
limit of current intensity for TOC abatement whistas 500 mA.
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The mineralization of SMT was accompanied by oxata reaction intermediates
which disappeared during electrolysis after reaclngaximum concentration, nevertheless
some short chain carboxylic acids and probably ssheet aliphatic compounds remained at
the end of treatment in trace concentration Ielé ionic chromatography analysis revealed
the almost quantitative release of heteroatomsiim fof inorganic ions such as NOSQ?*

and NH;" which fits with the mineralization degree for eactode.

After determining BDD as the most efficient anadeelectro-Fenton technology,
some cathodes were also tested for their abilitypeédorm Fenton’s reagent production.
Carbon sponge of porosities 30, 45, 60, 80 andpld0Carbon felt and Stainless steel were
comparatively studied by performing degradation amideralization experiments of SMT as
model pollutant. Carbon sponge of 45 ppi porositgswhe most performing in both
degradation and TOC abatement trials. However,difference of efficiency with other
carbon sponges and particularly the 60 ppi wassigniificant. On the other side carbon
sponge was neatly more efficient than carbon fedt stainless steel which could barely lead
to SMT mineralization. The dosage 0f®4 as one of the two component of Fenton’s reagent
corresponded to the previous experiments of SMTeabent. The concentration of,6G;
attained in the electrolytic cells was in the sammder as the degradation and TOC removal
efficiencies: Pt/Carbon sponge > Pt/Carbon feltt/Stainless steel. Therefore, as expected,

the highest MCE per unit specific charge was olethwith Carbon sponge 45 ppi cathode.

Finally the best anode BDD and the best cathodébdDasponge 45 ppi were
connected in the electrolytic cell to see theirf@genance in the electro-Fenton process.
Comparing BBD and Pt as anodes, the rate of degyoadaf SMT was slightly lower with
BDD but the TOC removal was significantly improverthis led to better MCE per unit
specific charge; from 36.8% initial MCE for Pt/Carbsponge 45 ppi it increased to 44.7%
for BDD/Carbon sponge 45 ppi when 50 mA were appliethe MCE decreased with the
current, but at every current intensity, it washigigthan with other anode tested.
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