N

N

Electrochemical Advanced Oxidation Processes for
removal of Pharmaceuticals from water: Performance
studies for sub-stoichiometric titanium oxide anode and
hierarchical layered double hydroxide modified carbon
felt cathode

Soliu Ganiyu

» To cite this version:

Soliu Ganiyu. Electrochemical Advanced Oxidation Processes for removal of Pharmaceuticals from
water : Performance studies for sub-stoichiometric titanium oxide anode and hierarchical layered dou-
ble hydroxide modified carbon felt cathode. Geophysics [physics.geo-ph]. Université Paris-Est, 2016.
English. NNT: 2016PESC1116 . tel-01540817

HAL Id: tel-01540817
https://theses.hal.science/tel-01540817

Submitted on 16 Jun 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01540817
https://hal.archives-ouvertes.fr

Joint PhD degree in Environmental Technology

UNIVERSITE
— PARIS-izS0

Docteur de I'Université Paris-Est
Spécialité : Science et Technique de I'Environngmen

o - Zr, %,
J % = *
3 N

SOL PER
NOCTEM

L
(@l
A
‘%f%v

”me_a’\

Dottore di Ricerca in Tecnologie Ambientali

i UNESCO-IHE

Institute for Water Education

Degree of Doctor in Environmental Technology

Theése — Tesi di Dottorato — PhD thesis

Soliu Oladejo GANIYU

Electr ochemical Advanced Oxidation Processes for Removal of Organic
pollutants from Water: Performance Studiesfor Sub-stoichiometric
Titanium Oxide Anode and Hierarchical Layered Double Hydroxide

Modified Carbon-felt Cathode

To be defended Decembé¥ 2016

In front of the PhD committee

Prof. Eric BRILLAS COSO Reviewer

Prof. Jean PINSON Reviewer

Prof. Marc CRETIN Examiner

Prof. Mehmet A. OTURAN Promotor/Thésis director
Hab. Dr. Eric van HULLEBUSCH Co-promotor

Prof. Dr. Ir. Piet LENS Co-promotor

Prof. Giovanni ESPOSITO Co-promotor

3

ETecos

Erasmus Joint doctorate programme in Environmental Technology for Contaminated Solids, Soils and
Sediments (ETeCoS3)




Erasmus Joint doctorate programme in Environmental Technology for Contaminated Solids, Soils and
Sediments (ETeCoS3)



Acknowledgement

Many thanks to the Université Paris-Est and Uni#&rBaris-Est Marne-La-Vallée, and other
collaborating institution involved in EnvironmenfBéchnologies for Contaminated Solids, Soils
and Sediments (ETeC®Fprogramme for the opportunities, exposures ahtbgistic supports
during my studies, and more importantly the Europ€ammission and ANR (French National
Research Agency) for funding my doctoral degredistuin Europe.

| sincerely acknowledge my thesis director (promoRyof. Mehmet A. Oturan for given me the
opportunity to conduct this research work in hidokatory. All technical, scientific and
administrative support as well as your trust dutimg course of this work is highly appreciated.
My sincere and profound gratitude goes to Dr. NiRI'URAN, who always gave me
unconditional support, technical assistance, gudamvise cancelling and emotional support
throughout the period of my study.

My sincere appreciation goes to the members of BE@ommittee, starting from the
coordinator, Dr. Hab. Giovanni ESPOSITO (UniversifyCassino and Southern Lazio, Italy)
Dr. Hab. Eric D. van HULLEBUSCH (Université ParistE France), and Prof. Piet LENS
(UNESCO IHE, The Netherlands) for given me the oppuoty to participate in this Erasmus
Mundus Joint Doctoral Degree Programme.

| also acknowledge the co-promotors of this theSis,Hab. Eric D. van HULLEBUSCH and
Dr. Hab. Giovanni ESPOSITO for their scientificcli@ical and administrative assistance,
guidance and directions during the course of tlugwit is also imperative to acknowledge Prof.
Marc CRETIN and his colleague Dr. Mikhael BECHELANW®r hosted and supported me
technically and otherwise during my stage at lostiEuropéen des Membranes (IEM),
Université de Montpellier, France. Stéphane RaBAINT-GOBAIN CREE - Cavaillon,
France) is acknowledged for her technical assistanthe production of TO; electrode.

| wish to express my gratitude to reviewers of tthiesis, Prof. Eric BRILLAS (University of
Barcelona) and Prof. Jean PINSON (Université Faiderot-Paris 7) for accepting to read and
evaluate this work.

Special thanks to Prof. Stéphanie ROSSANO, thectdireof the Laboratoires Géomatériaux et
Environnement and her entire staff for their coafien, assistance and hospitality during the

course of this work.



| acknowledge the assistance and support of mgaglies — Clément TRELLU, Dr. Oleksandra
GANZENKO, Dr. Hugo OLEVERA-VARGAS, Thi-Xuan-Huong H, Nguyen LINH and
Roséline ESMILAIRE for their contribution to thecaiess of this thesis work.

Finally, my appreciation goes to my family and ds for their prayers, understanding and
supports during my stay in Europe.

Soliu Oladejo Ganiyu



Abstract
Pharmaceuticals residues as emerging pollutante bacome a major concern due to their
persistence and continuous accumulation in varieagironmental compartments and their
removal is one the major challenges of this centlElectrochemical advanced oxidation
processes (EAOPs) such as anodic oxidation (AO)eectro-Fenton (EF) have shown to be
efficient techniques for complete degradation andenalization of this class of pollutants. A
substoichiometric titanium oxide (;0)7) deposited on titanium alloy by plasma elaborati@s
investigated as an alternative stable and effidentcost anode materials for application in AO
and EF degradation of pharmaceuticals amoxicillkMX) and propranolol (PPN) and
mineralization of their aqueous solutions. Exceliemeralization of both pharmaceuticals was
achieved with T4O; anode compared to dimensional stable anode (D®A)patinum (Pt)
anodes at similar experimental conditions, but kfsient when compared with boron doped
diamond (BDD) anode during AO treatment. Almost ptete mineralization (96%) was
attained with T4O; anode in EF degradation of PPN at 120 mA aftero8 électrolysis. Several
aromatic, bicyclic and other intermediate byprodustre identified and quantified during the
electrochemical treatment of both pharmaceutioalt) the final end products in the treated
solutions being short-chain carboxylic acids andrganic ions. Plausible mineralization
pathways for both pharmaceuticals were proposeédbass the identified intermediates, released
inorganic ions and carboxylic acids as well as Td@xta. Initial AMX solution shows relatively
high inhibition to V. fischeri bacteria, which further increased at the earlygestaf
electrooxidation due to formation of cyclic interdietes that are more toxic than mother
molecules, but sharply decreased at the later sihgéectrolysis. Since the 0 is produced
mainly from TiQ, which is very cheap and highly abundant matetiay anode material could
be an interesting alternative electrode in indabktwastewater treatment by electrochemical
oxidation. On the other hand, CoFe-layered doubjdrdxide modified carbon-felt (CoFe-
LDH/CF) cathode synthesized by solvothermal process studied as a heterogeneous
catalyst/electrode for degradation of organic galwi Acid Orange Il (AO7) over a wide pH
range. Excellent mineralization of this azo dyeusoh was achieved in pH range 2 — 7.1, with
TOC removal much higher than corresponding homogen&F with raw carbon-felt (CF) at all
pH studied. The prepared cathode exhibited gooshtglity and can constitute an alternative for

the treatment of wastewater effluents at neutral/pldes.



Résume
Les polluants émergents que sont les résidus dguisopharmaceutiqgues sont devenus une
problématique majeure de par leur persistanceuetdecumulation continue dans les différents
compartiments de I'environnement. Leur éliminatest un des challenges majeurs de ce siecle.
Les procédés électrochimiques d’oxydation avanB&OA) tel que I'oxydation anodique (AO)
et I'électro-Fenton (EF) ont démontré leur effitGcpour la dégradation et la minéralisation
compléte de cette classe de polluant. Un oxydeitdaet sous-stcechiométrique déposé par
plasma sur un alliage de titane a été étudié commoele alternative peu colteuse, stable et
efficace au cours des procédés d’'OA et d’EF pouwtéigradation et la minéralisation de deux
pharmaceutiques, I'amoxicilline (AMX) et le propdolo(PPN). Une excellente minéralisation
de ces deux composés a été atteinte avec I'anaf® €omparé a l'utilisation d’'une anode
dimensionnellement stable (ADS) et d'une anode dstinge (Pt) avec des conditions
expérimentales similaires, mais une plus faiblécatité a été observé par comparaison a une
anode de diamant dopé au bore (DDB) au cours diégéod’OA. Une quasi-total minéralisation
(96%) du PPN a été atteinte avec I'anod@Tiau cours du procedé EF apres 8 h d’électrolyse a
120 mA. Plusieurs intermédiaires aromatiques, ligyes et autres ont été identifies et
qguantifiés au cours du traitement électrochimige® deux composés pharmaceutiques, ainsi que
des acides carboxyliques a chaine courte et desimmrganique comme produits finaux de
dégradation. Des voies plausibles de dégradatioréet@nproposées a partir des intermédiaires
identifiés, des ions inorganiques libérés ainsi qles données obtenues sur les acides
carboxyliques et le COT. La solution initiale d’AMXmené a une relativement forte inhibition
de la bactériev. fisheri qui a ensuite augmenté au cours des premiergsstde I'électro-
oxydation de par la formation d’intermédiaires aygés plus toxiques que la molécule mére,
avant de diminuer nettement au cours des étapeanses de I'électrolyse. Puisque leQi est
produit principalement a partir du TiOun matériau bon marché et abondant, ce matériau
d’anode pourrait étre une alternative intéresspote le traitement des eaux usées industrielles
par oxydation électrochimique. Par ailleurs, unthade de feutre de carbone modifiée par des
composés hydroxydes a double couche CoFe (CoFedBHét synthétiseée par un procedé
solvothermique a été étudiée come catalyseur/életrpour la dégradation du polluant
organique Acide Orange Il (AO7) par le procédé HFume gamme large de pH. Une excellente

minéralisation de ce colorant a été atteinte pesrgH allant de 2 a 7.1, avec une élimination du



COT largement supérieure a celle atteinte en afitise procédé EF avec une cathode de feutre
de carbone brut, quel que soit le pH étudié. Laaidd préparée a montré une bonne capacité de
réutilisation et peut constituer une alternativeirple traitement des eaux usées a des valeurs de
pH neutre.



Sintesi
| residui farmaceutici sono diventati una dellenpipali minacce per la salute ambientale, a
cause della loro lunga persistenza e continuo agkouim vari settori ambientali. La rimozione di
gueste sostanze e una delle sfide piu difficiligdiesto secolo. | processi elettrochimici di
ossidazione avanzata (EAOPs), come l'ossidazioondiea (AO) e I'elettro-Fenton (EF), si sono
rivelati efficienti al fine di ottenere la completlecomposizione e mineralizzazione di questo
tipo di inquinanti. L'obiettivo di questo studio ¥ato quello di testare un materiale anodico
alternativo, efficiente ed economico per i procésSi ed EF. Una quantita substechiometrica di
ossido di titanio (T4O;) depositata su lega di titanio tramite elaboragi@h plasma e stata
utilizzata al fine di ottenere la decomposizionesdstanze farmaceutiche quali amoxicillina
(AMX) ed propranololo (PPN) e la mineralizzazioredld rispettive soluzioni liquide. L'utilizzo
di un anodo con JO; ha prodotto una migliore mineralizzazione di emiva le sostanze
rispetto a quella ottenuta con un anodi dimensioeate stabili (DSA) e di platino (Pt) nelle
stesse condizioni sperimentali. Tuttavia, la mihezazione si & dimostrata meno efficiente se
paragonata a quella ottenuta mediante AO con udaaB®DD (boron-doped diamond). Una
guasi completa mineralizzaione (96%) e stata ottemoediante EF ed un anodo con(ri
durante la degradazione del propranololo a 120 rapod3 h di elettrolisi. Diversi composti
aromatici, biciclici ed altri prodotti intermedi 130 stati identificati e quantificati durante il
trattamento elettrochimico delle due sostanze faemtiche. | prodotti finali nelle soluzioni
trattate sono stati acidi carbossilici a catenaacerioni inorganici. Un possibile meccanismo di
mineralizzazione é stato proposto per entrambedtasze sulla base degli intermedi di reazione
identificati, degli ioni inorganici ed acidi carlsiéci prodotti e dei risultati dell’analisi sul
carbonio organico totale (TOC). La soluzioni inieigi AMX ha prodotto un’elevata inibizione
dell'attivita del batterioV. fisherj che € ulteriormente aumentata all'inizio del gsso di
elettro-ossidazione a causa della formazione diposth intermedi ciclici piu tossici delle
molecole di provenienza. Al contrario, l'inibiziore rapidamente diminuta nell’ultima fase
dell’elettrolisi. Il Ti;O; € prodotto principalmente dal biossido di titaiaO,), il quale & un
materiale molto economico ed abbondante. Per questivo, I'utilizzo di TiO; come materiale
anodico puo diventare un’alternativa interessamteilptrattamento di reflui industriali tramide
ossidazione elettrochimica. In questo studio, utodm CoFe-LDH/CF (CoFe-layer double

hydroxide modified carbon-felt) sintetizzato traeniin processo solvotermico € stato utilizzato
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come elettrodo/catalizzatore per la degradaziotiégnd@inante organico Acid Orange 1l (AQ7)

in un ampio intervallo di pH. Un eccellente min&ahzione di questa soluzione azo dye é stata
ottenuta in un interavallo di pH compreso tra 2% @on una rimozione di TOC molto maggiore
di quella ottenuta mediante EF e catodo carbon(@H) a tutti i valori di pH studiati. Il nuovo
catodo sintetizzato in questo studio ha mostrato bwona riusabilita e puo costituire

un’interessante alternativa per il trattamentordéui a pH neutro.
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Samenvatting
Pharmaceuticals resten opkomende verontreinigenaiers hebben een belangrijke zorg
geworden als gevolg van hun persistentie en coatiaccumulatie in verschillende milieu
compartimenten en de uitslag is een van de grédagingen van deze eeuw. Elektrochemische
geavanceerde oxidatieprocessen (EAOPS) zoals @hedoxidatie (AO) en elektro-Fenton (EF)
hebben aangetoond dat efficiénte technieken vobedige afbraak en mineralisatie van deze
klasse van stoffen zijn. Een substoichiometristhntumoxide (Ti4O7) op titanium legering
afgezet door plasma uitwerking werd onderzochta#tisrnatief stabiele en efficiénte low cost
anode materialen voor toepassing in AO en EF afbraa geneesmiddelen amoxicilline (AMX)
en propranolol (PPN) en mineralisatie van hun vigeeoplossingen . Uitstekende mineralisatie
van beide geneesmiddelen werd bereikt mgd7danode tegenover dimensionaal stabiele anode
(DSA) en platina (Pt) anodes soortgelijke experiteienomstandigheden, maar minder efficiént
in vergelijking met borium gedoteerd diamant (BD&)yode tijdens AO behandeling. Bijna
volledige mineralisatie (96%) werd verkregen meO¥ianode EF afbraak van PPN bij 120 mA
na 8 uur elektrolyse. Verschillende aromatischgdiische en andere intermediaire bijproducten
werden geidentificeerd en gekwantificeerd tijdemssetektrochemische behandeling van beide
geneesmiddelen, met het uiteindelijke eindproductende behandelde oplossing wordt
kortketenige carbonzuren en anorganische ionerusPkele mineralisatie routes voor beide
geneesmiddelen werden voorgesteld op basis van eidemdificeerde tussenproducten,
vrijgegeven anorganische ionen en carbonzuren &/@@C data. Initiéle AMX oplossing zijn
tamelijk hoog remming V. fischeri bacterién, dierder vergroot in een vroeg stadium van
elektro-oxidatie door vorming van organische tupseducten die giftiger dan moeder
moleculen, maar sterk gedaald in de latere fase ei@ktrolyse. Aangezien de Oy
hoofdzakelijk wordt geproduceerd Tidie zeer goedkoop en zeer overvloedige materiag m
deze anodemateriaal een interessant alternatidtr@de in industrieel afvalwater door
elektrochemische oxidatie. Anderzijds, CoFe-geladgiobel hydroxide gemodificeerd koolstof
vilt (CoFe-LDH / CF) kathode gesynthetiseerd dawvasthermal werkwijze werd bestudeerd als
heterogene katalysator / elektrode voor afbraakorganische verontreinigende Acid Orange Il
(AO7) over een breed pH-traject . Uitstekende naligstie van deze azokleurstof oplossing
werd bereikt bij pH 2-7,1, met TOC verwijdering Veeger dan overeenkomstige homogene EF

rauwe koolstof vilt (CF) in alle onderzochte pH. Dxereide kathode vertoonde goede
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herbruikbaarheid en een alternatief voor de beHergdean afvalwater afvalwater bij neutrale

pH-waarden vormen.
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CHAPTER 1

1.1 Background

Pharmaceuticals as emerging pollutants have beemdfin wastewater, surface, tap and
underground water bodies [1-6]. The major route wtich pharmaceuticals enter into the
aquatic environment is effluent of municipal wastésy treatment plants (WWTPs) due to
insufficient capability of treatment techniques déoypd to completely remove this pollutants
[7-13]. Other sources include indiscriminate digposf expired drugs, site contamination,
hospital wastewater, field treatment and livestmogoundments and treatments in aqua culture
[12,14-17]. Several authors have reported the piateoxicological effects of pharmaceuticals
released into the environment on aquatic organigiftispugh the effects of these pollutants on

health and safety of human are not well undersfb8d24].

Several remediation techniques have been studrethéoremoval of pharmaceuticals from
aquatic environment. Both physical and physicockamitechniques such as adsorption,
coagulation-flocculation and membrane filtratiorddnological treatment are inadequate for the
removal of this pollutants because pharmaceutm@xenophobic and refractory in nature [25].
Chemical oxidation technique like chlorination, gadation (UV-peroxidation) and ozonation
usually leads to the formation of several stabtermediate by-products, which are sometimes
more toxic and harmful compared to the parent camgs [9,26]. Recently research has been
focused on the application of Advanced Oxidatioocesses (AOPs), which are basedrestu
production of hydroxyl radical ‘QH) for the treatment of pharmaceutical residuesl an
pharmaceutical wastewater [25,27-30]. Among the &@Pectrochemical Advanced Oxidation
Processes (EAOPSs) have been extensively studietdefting low concentration pharmaceutical
wastewaters due to their high versatility, effidgrand environmental compatibility [31-34].
These techniques are based on electrochemical gifoduof ‘OH, either directly via water
oxidation at the anode or indirectly by electrocleaiy assisted Fenton’s reaction withsitu

production of HO, and regeneration of Fe[35—38]
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1.2 Challenges

The efficiency of EAOPs (Anodic oxidation (AO) amdectro-Fenton (EF) processes) is
greatly influenced by the nature of anode materi@ser the years, commercially available
electrodes such as platinum (Pt), Dimensional Stalode (DSA), doped oxides of tin and lead
(SNG-Sb anda-PbG), carbonaceous matrix and Boron Doped Diamond (BD&ve been
successfully used in electrochemical wastewatatrtrent both on laboratory and pilot-plant
scale [31,37,39]. However, there are some drawbasisuntered with the use of these
electrodes, even though some of them have beenedppi electrochemical wastewater
treatment on commercial scale. For instance, tigh bost of BDD electrode and scarcity of
suitable substrate on which it can be deposited lisilarge-scale application, although it still
remains most technically efficient electrode fozottochemical oxidation of organic pollutants
[37,40]. Furthermore, relatively short service IdESnQ-Sb based electrodes and high risk of
lead contamination by chemical leaching of RPix@sed electrodes have reduced their practical
applications, even though both electrodes areivelgteffective for electrooxidation of organic
pollutants [31,41-43]. Other commercial electrodé® Pt, DSA and carbon matrix are
relatively efficient in Fenton based EAOPs but vemor in electrooxidation treatment of

organics [37,44].

Sub-stoichiometric titanium oxides recently develdprepresent efficient and low-cost
alternative electrodes in electrochemical wastemta¢@tment due to their exciting chemical and
electrical properties as well as the inexpensiwséock from which it is prepared [45—-47].
Although few studies have reported application iffecent configurations (plate and tubular) of
compacted powder and resin bounded substoichiamgi@, on substrate in anodic oxidation,
only medium mineralization efficiency could be amhed [48-50]. Further, the high possibility
of mechanical wearing of compacted or resin boundebstoichiometric Ti® is another
challenge that is yet to be overcome. Beside a aerd pH, chemical wearing of TiQnay
occur and thus preventing the possibility of apmiyihis electrode in Fenton based EAOPs

because Ti forms complexes with®4.

On the other hand, EF process with heterogenedal/sia(heterogeneous EF) was recently

developed to enhance the performance as well asmwe some major challenges encountered
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in traditional/homogeneous EF process. For instdnmaogeneous EF is only optimal at very
narrow pH window (pH 2.5 — 3.5), as such workingsale this pH drastically reduces the
efficiency of the process. However, heterogeneokss¥stem can be performed at wide pH
range even at basic pH because the oxidation obtgyanics is mainly controlled by surface-
catalyzed process and Fe-catalysts are indiss@vablthis pH [51-54]. Further, the use of
heterogeneous catalyst ensures the reusabilityeydlability of the heterogeneous EF system
since the catalysts are indissolvable. Also theldeepost-treatment neutralization, precipitation
and separation of the catalyst in homogeneous Efesyis completely eliminated with the use

of heterogeneous catalyst.

1.3 Selection of phar maceuticals and dye

The selection of appropriate and representativenpdeeuticals was a crucial aspect of
preparation for this research work. The criteri@dusn selection of the two representative

molecules were:

+« belonging to different therapeutic classes ancedbfit mode of administration, i.e., out
of hospital care or at home, characteristic of type of effluent,

« molecules that have high potential risk (high indeBT) with a persistence in the
environment or in relation to biological treatmearig

+« molecules likely to be found in high concentrat{tigh production volume chemicals)

for which analytical tools are available or accel&si

Based on these criteria, the two selected pharntiaatuare: antibioticAmoxicillin® and a beta-

blocker: 'Propranolol".

Acid orange 7 or orange Il, a common azo-dye wischery soluble but persistence and hard to

degrade in aqueous solution was selected as otk pollutant.
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1.4 Objectives

The main aim of this thesis work is to experimemid ainvestigate the removal
pharmaceutical residues from aqueous solution égtreichemical oxidation with the focus on
performance studies of plasma deposited sub-strwtric titanium oxide ceramic electrode
(Ti4,O;) and heterogeneous electro-Fenton process witlarblecal layered double hydroxide
modified carbon-felt cathode. The low cost of thmgpal raw materials — TiQand coke from
which Ti,O7 is prepared make this electrode a cost-effectiverradtive compared to other

commercial available electrode.

1.4.1 Electrochemical oxidation using Ti,O; ceramic anode

AO and EF degradation of some selected pharmaedsutidll be carried out using plasma

deposited TjO; anode. The specific objectives set to achievedinisare to:

< prepare TjO; powder from a mixture of Ti©@and coke, which are low cost and
relatively abundant feedstock,

< prepare a thin film of TO; via plasma deposition on a sand-blasted titanilloy a
substrate at elevated temperature,

¢+ characterize the prepared,®@y anode using X-ray diffraction spectroscopy and stan
electron microscopy, and

¢ investigate the performance of the prepare®@7anode by electrooxidation and electro-
Fenton degradation of some selected pharmaceuti@lsatural and acidic pH
respectively. Operation parameters such applieceoyrinitial pollutant concentration
and in-situ generated kD, on the degradation and mineralization efficienayl e
studied.

1.4.2 Heterogeneous el ectro-Fenton with modified carbon felt cathode
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A self-catalyzed heterogeneous electro-Fenton peoogith layered double hydroxide
modified carbon-felt as cathode as well as catagstce will be investigated for the removal of

organic pollutants. The specific objectives seddbieve this aim are to:

* synthesize a layered double hydroxide modified @aufelt cathode,

» study the structural and electrochemical propedfdke prepared electrode,

* investigate the performance of the electrode ims$eof mineralization efficiency using
acid orange Il as a model pollutants,

e study the influence of synthesis parameters on gt@s and performance of the
prepared electrode,

« compare the performance of the prepared electratte vomogeneous EF with raw
carbon-felt cathode,

» study the stability and reusability of the prepagézttrode.
1.5 Novelty of thethesis

EAOPs have been extensively studied in recent yfeathe removal of pharmaceuticals
because of their high oxidation potential for coetel destruction of refractory compounds
compared to other AOPs and reducing operation cbst&ct, prominent EAOPs like AO and
EF process have been applied on industrial scalewBstewater treatment using different
commercially available electrodes such as Pt, D&gped SnQ o-PbQ, and BDD anodes.
Ti4O; anode, recently developed in USA, represents adost alternative electrode material
compared to other commercially available once beedtus prepared from TiDQwhich is one of
the most abundant feedstock on planet. Althougletrelexidation of simple organics using
compacted/sintered powder or thin film powder ofOFi bound to Ti substrate have been
reported in literature, treatment of complex molesulike pharmaceuticals have not been
investigated. Additionally plasma deposited,d7 electrode which is highly resistant to
abrasion/wear compared to compacted or resin big@;Tanode and also consist of lower
quantities of other phases due to ultra-high teatpee at which it is produce, which allows the
conversion of other sub oxide of titanium ta@i, has not been studied in electrooxidation of
organic pollutants. Further, to the best of ouridealge, no study has investigated the use of this

electrode in EF process. This is understandablausecsintered powder or resin boundegTi
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electrode has low mechanical strength and canyeasdr into the treated solution. At the acidic
pH of EF process, the sub-oxide of titanium dissolith the titanium react with hydrogen

peroxide, which is one the Fenton reagent to fognymilow complex.

Another novelty of this thesis is the study of hegeneous EF with layered double
hydroxide modified carbon felt cathode. There isreport in the literature on the use of this
material in EF process, although some studies heperted chemically or electrochemically
prepared Fe-impregnated carbon-based matrix foradagjon of organic pollutants. This study
is unique because the layered double hydroxide (LBHwn on the carbon-felt not only
contains Fe but also other transition metal (Cdilictv can serve as catalyst and/or co-catalyst in
electro-Fenton process.

1.6 Structureof thethesis

The structure of the thesis, which is entitled "Electremical Advanced Oxidation
Processes for removal of Pharmaceuticals from waRgrformance studies for sub-
stoichiometric titanium oxide anode and hierarchiagered double hydroxide modified carbon

felt cathode" is shown in Fig. 1.1.
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Chapter 2

A comprehensive literature review is required ptthe research work described from chapter
3-6

In this chapter we reviewed previous works on EA@*sremoval of pharmaceuticals
from wastewater with the focus on electrode matef@r electrochemical wastewater treatment
and heterogeneous electro-Fenton process. Thiswesi important in order to understand the
origins of pharmaceuticals in environment, theintaoination level and mobility in different
environmental compartments, natural ways of attengatheir contamination level and the
analytical procedures/techniques available forrtgeantification in aquatic environment. It will
also enable us to understand the subtle and clieosfitect as well as long term toxicology of
this class of (emergent) pollutants on both aquatid terrestrial ecosystem and why it is
essential prevent their inputs into the environm8eteral techniques that have been utilized for
the removal of the pharmaceuticals from environmeititbe known and why the EAOPs are
most efficient for their complete destruction andjonity of other techniques are either not

technical or economical efficient.

An extensive overview is also necessary to undedsthe different varieties of EAOPs
and some of the most efficient among them in teohefficiency, without neglecting the
economic and environmental compatibility based oevipus studies. The advantages and
disadvantages of some prominent among them asawete operating parameters that controls
the efficiency of some of EAOPs must be understaaatder to give us clue on where and how
to improve the efficiency, reduce the operationt@sd ensure a wide applicability of these
processes. Based on our preliminary literatureesyra critical review was carried out on AO
and EF processes with much focus on the role afrelde materials on the efficiency of both
processes, since both are among the most widetiesttEAOPS. Extensive review was also
carried out on the pH window (pH is a crucial opiegaparameter in EF process) at which EF
can be performs since majority of wastewater efflseare not in acidic pH at which process

efficiency is optimal.
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Electrochemical Advanced Oxidation Processesfor Removal of Organic pollutants from
Water: Performance Studiesfor Sub-stoichiometric Titanium Oxide Anode and
Hierarchical Layered Double Hydroxide M odified Carbon Felt Cathode: A Review

Abstract

Pharmaceuticals and dyes as emerging pollutansn®ea@ major concern not only because of
the threat posed to health and safety of the arudié but also due to their continuous
accumulation in aquatic environment and developnoérantibiotic-resistant microbial strains.
EAOPs such as AO and EF processes are some of rotmand efficient technique for the
removal of these pollutants from aquatic environm&he efficiency of AO and EF processes in
terms of performance, environmental compatibilitgl &ost can be greatly enhanced by proper
selection of electrode materials. While some etelgs such as BDD, doped Sn®bQ and
substoichiometric Ti@allow complete mineralization of organic pollutanbthers such as Pt,
DSA and carbon can only oxidize pollutants to n&ieble intermediates. Doped Sréhd PbQ

are relatively less expensive but have low stgbdind possible lead contamination in case of
PbQ electrode due to leaching. BDD is the best eléetréor electrochemical wastewater
treatment but highly expensive. Substoichiometn©;Tis a less expensive and highly stable
electrode with good oxidation potential. Howevdristelectrode has not been extensively
investigated and no study on the use of this eldetin EF process is available in the literature.
On the other hand, the use of heterogeneous chaialf#- system can enhance the efficiency of
the process, extend the working pH range and atlevrecyclability and reusability of the
catalyst. This could be of great importance in tbmoval of pharmaceuticals from aquatic

environment.
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2.1 Introduction

For the past decades, there is astronomic incieabte demand for the earth’s supply of
drinking water due to continuous exponential grownhhuman population. As such, the
protection of the integrity of water resources hasome one of the crucial environmental issues
of this century [1]. Although water bodies condgtunajority of earth crust, only few (less than
3%) are available for human use due to high sglioftthe others. In addition this few fresh
water bodies are under continuous contaminatioefiiyents of WWTPs, hospital, municipal
sewage systems, industries, run-off water fromcadjtiral land and others, thus constituting a
great threat to the health and safety of both huamahaquatic life.

Pharmaceuticals active compounds (PhACs) (human \etérinary) as emerging
pollutants have received a lot of attention in et decade not only because of the persistence
and potential toxicity of these substances andr thefive metabolites but also due to their
accumulation as a result of continuous introductioio receiving water bodies via WWTPs
effluents [2]. Several investigations and reviewaveh reported the occurrence, fate and
ecotoxicology of both human and veterinary PhACdliiferent environmental compartments
[3-7]. It has been established that, the primarwyra® through which PhACs enter into aquatic
environment is effluents of WWTPs, although thisaggravated by indiscriminate disposal of
unused drugs in drains and household garbage [8-Q#jer sources include; hospital
wastewater effluents, direct discharge of untreatedtewater, aqua farming and livestock
impoundments [13,14]. The poor volatility of thessemical substances implies that aqueous
transport mechanisms remain the primary mode af distribution in compartments of the
environment [12].

On the other hand, textile factories dischargedarglume of wastewater containing a
high concentration of dyes that required to betéetalThe wastewater from textile industries is
very complex in constituent and difficult to remax@mpletely by conventional physicochemical
treatment technique []. Many dyes are highly saubl water and resistant to biotic conversion
(oxidation by organisms). They are a major thr@aet¢osystems, both aquatic and terrestrial

because they are toxic and also consist of toxidiaty components [].

Consequently, there is need for complete elimimatibPhACs, its active metabolites and

azo dyes from aquatic compartments in order to cavbeir health hazard and potential
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ecotoxicity. The conventional wastewater treatneahnique such as adsorption, bio-oxidation,
coagulation, sedimentation and filtration appliadVWTPs cannot completely destroyed these
pollutants, even with the combination of post tneatit disinfection of the effluents by
chlorination and/or ultra-violet radiation (UV) [B]. Chemical oxidation treatments such as
chlorination and peroxidation usually leads to fleemation of more stable and potential
carcinogenic byproducts which are most time mosectthan the parent compounds [16,17].
AOPs are environmental friendly chemical, photocitamor electrochemical methods that
utilized in-situ production of hydroxyl radicall@H) as main oxidant [2,18,19]. The oxidant
(OH) is the second strongest oxidizing agent knotter dluorine, with very high standard
reduction potentialE°(COH/H,0) = 2.8 V vs SHE) and non-selectively react withstorganics
until their total mineralization [20]. Among AOPEAOPs have demonstrated greater ability to
efficiently destroy a large variety of toxic and/biorefractory pollutants [2,21-23]. These
techniques are based on electrochemical produofitd@H, either directly from water oxidation
at the anode or indirectly by total or pariialsitu generation of Fenton's reagent,(p + F&")
[23-27]. Fenton-based EAOPs in particular is mdfieient and has been successfully applied to

the treatment of many pharmaceutical residuescenteyears.

The efficiency of EAOPs processes, especially A@ BFR is largely influenced by some
operation parameters — most importantly selectedtreide materials and nature of the catalyst
used in Fenton’s based EAOPs. The influence oftrelée materials (i.e. anode material) on
mineralization of organic pollutants by both AO &bl processes depends on the production of
physisorbed (heterogeneous) hydroxyl radical (M(}O&t the anode surface [27,28]. While
some anode materials such as BDD, 880 a-PbQ, and substoichiometric Tglcan generate
relatively high quantities of M(*OH) (non-active ates), others like DSA, Pt and graphite has
limited capacity for M(*OH) production [21,27]. Thegenerated M(eOH) is highly efficient in
mineralization of organic, thus enhance the peréoroe of EAOPs. On the other hand, studies
have shown that efficiency of EF process can beifsigntly enhanced by using heterogeneous
rather than homogeneous Fenton catalyst.

In this review, the occurrence, fate and toxicifytlee PhACs in the environment are
discussed in the first part, while the basic ppleiof AO and EF are enumerated in the next two

sections. In the fourth and fifth section, the sitm of electrode materials and use of
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heterogeneous EF for enhancing the removal of PHACHectrochemical wastewater treatment

are discussed.

2.2 Pharmaceuticals. Occurrence, fate and toxicity

2.2.1 Occurrence of PhACs in aquatic environment

Several thousand tons of both human and veteriRBACs substances are produced per
year across the globe. Majority of these medicatiadministered by both human and livestock
are excreted unmodified or partially modified viane and feces and introduced directly into
sewage system. The rate of metabolisms of eachsdrugrganism’s system depends on the
individual, nature of the drugs itself and dosayhile some are completely removed (diclofenac,
carbamazepine), others are partially metabolizewkicillin) or not metabolized at alp{blocker
nadolol) [9,29]. Moreover, urine and feces of litoek are not treated like that of human, it may
either remains on the pasture field or applied asure which are eventually washed into aquatic
environment by run-off water [29-32]. The preseat®hACs in surface and underground water
has been reported by several authors and theyuwdtid it to ineffective removal of these
pollutants in WWTPs [3,5,8,31-42]. A schematic esentation of the transport of PhACs in
environment right from origin to the point whereyhcause serious hazardous effects is shown in
Fig. 2-1.

Analyses of concentration of PhACs in aquatic emwinent are carried out by solid
phase extraction followed by identification and wifecation using either liquid chromatograph
coupled with mass spectroscopy (LC-MS), high pentoice liquid chromatography (HPLC-
MS), Reversed Phase-HPLC- electrospray tandem spmssroscopy or Gas chromatography
GC-MS [1,36,39,43-49]. Further, over 80 compouriIsACs and several drugs metabolites

have been detected in aquatic environment acresEulhope, Australia, Brazil, US and Canada

[3].
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Analytical studies of some receiving water in Roraandicates the presence of over 15 PhACs,
metabolites, and intermediates belonging to varitheyapeutic groups with concentrations
ranging from several pg to few ng [44]. About 29°RIs and 12 drugs of abuse were detected in
the intake of drinking water treatment plant in NESpain with concentrations up to several ng
[50]. The analytical studies conducted by U.S. Gegwmlal Survey on water samples from
network of 139 streams across several states shewpresence of approximately 95 organic
wastewater contaminants of which majority are Phg.sAlthough the concentration measured
were generally low and most time below drinking-evaguidelines, health adversaries or
aquatic-life criteria. More so, 13 PhACs from pitipdists (UK Environment Agency and Oslo
and Paris Commission) were detected from analysigaley of wastewater effluents and surface
water of the lower river Tyne, UK [36]. The conaation of most of these PhACs in raw

effluent range from 11 to 67,570 ng'Lwhereas in surface water a much lower conceatrsiti

20



Literature reviev| Chapter 2

(4t0 2370 ng 1) were detected. PhACs such as clofibric acid, amdzepine, codeine,
fluoroquinolones, primidone or iodinated contragémts have also been detected at [tdelvel

in underground water and deeper soil horizon a&saltr of diffusion and infiltration of the drugs
[3,51]. Also several PhACs have been detectedatiask underground water as a result of direct
or indirect infiltration from livestock wastewatampoundments [46], manufacture spill
accidents, underground leakage from sewage fasildnd therapeutic treatment of livestock on
fields [3,52].

2.2.2 Fate of PhACs in aguatic environment

Investigations have shown that individual concemrs of most PhACs are higher in
effluents of WWTPs/STPs than concentrations foumdurface water due to dilution as well as
partial remediation by natural pathways like hygsad, sorption onto colloids, biodegradation
and photolysis/photo-transformation [12,32,53-5&]rtial transformation by abiotic reactions is
much larger because most PhACs are bio-refraclidrg. speciation and concentration level of
each PhACs are influenced by pH, natural organitengNOM) and ionic strength of the
receiving water. Some PhACs at different pH becartharged and can easily absorb onto
colloids, trapped by NOM or associated with cationshe water and transferred to sediments
[57,58].

2.2.3 Toxicity of PhACs in aquatic environment

Although PhACs are synthesized to elicit a spedificlogical effect at low doses in
human system but there presence in water bodiesadasrsely affect non-targeted organ in
human or other life in ecosystem even at low cotraéon [44,48]. Studies have shown that the
qualitative risk assessment ranking of PhACs ngdato probability and potential severity for
human and environmental health effects follows thend: antibiotics > sex hormones >
cardiovascular > antineoplastics. While the susb#ipy of aquatic life to PhACs are in the
following order daphnia > fish > algae, the preglicranking order of relative toxicity is: sex

hormones > cardiovascular = antibiotics > antinasjits [10]. The presence of PhACs in
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environment may results in unprecedented consegseuch as proliferation and persistence of
multi-resistant bacterial pathogenic strains in iemment, ecotoxicological impacts and
impairment of reproductive and endocrine systeragfatic organisms [31,46,59—-65]. Further,
abnormal physiological processes, increased incekerof cancer and potential increase in
toxicity of chemical mixtures have also been repar{l,9]. Accumulation of diclofenac in
different organs of fish as a result of long timg@esure could cause severe health impairment
such as histopathological and cytological effectliier, kidney, gills and intestine of fish
[66,67]. The effects of veterinary anti-bacterialaanti-parasitic compounds on zebrafish range
from mortality, malformation and other sub lethe$ponses [6]. Studies have also revealed that
oxytetracycline and florfenicol commonly used irshfi farming and livestock cause strong
adverse effect on duckweed and algae but mininfalciebn bacterial and crustaceans [7].
Ecotoxicology studies indicate that aquatic orgasisshow high sensitivity to beta-blockers
[68,69]. It can affect cardiac rythm; generate abralities or causes reproductive impairment in
fish, Japanese medak@r{zias latipay and had specific toxicity towards plankton aneegr
algae [70,71]. Additionally, there are several ewices on the additive effects of
pharmaceuticals, which means that even a low cdratem, it might contribute to the global

toxic potential of the total compounds in the aguahvironment [70].

2.3 Dyes Stuff in environment: Occurrence and Toxicity

Dyes stuffs are complex aromatic molecular str@suwhich are stable and refractory to
degrade. Both synthetic and natural dyes have appired in various industrial setups, however
synthetic dyes are most preferred because theydawwyes with a wide range of fast colors
and brighter shades [71]. However, due to the toature and hazardous effects of synthetic
dyes on both aquatic and terrestrial life, therggein natural dyes has been revived in many
developed countries [72]. Among the over 100,008sdyvailable commercially at present, 70%
is azo dyes. Over 1 million tons of dyes are preduannually, of which 50% are textile dyes
[71, 73]. Textile industries consumed large voluofewater and chemicals especially dyes
during the wet processing stage and therefore lgugntities of effluents/wastewater with

varying constituents are delivered into environmewts such, the wastewater/effluents from
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textile industries remain the major source of dyeffs in both aquatic and terrestrial
environments. The receiving water bodies and |#rale strongly affected and they are visible
in water at concentrations as low as 1 ppm [71, @R of the major reason for high dyes stuff
in textile effluents/wastewater is improper dye tagen as well as fixation on the substrate
during textile production and dyeing. Conventiorteéatment techniques rarely achieved
satisfactory efficiency in treatment of textile usdries effluents/wastewater because of its high
composition variability and deep color intensity tbe wastewater [72]. Other source of dye
stuffs in environment including effluents from fshing industries, paints and pigment industries,
cosmetic and pharmaceutical industries as well astewater from leather and printing
industries.

Textile dyeing and finishing industry is the secdarest pollution source (after agriculture) in
fresh water because it is one of the most cheryigalensive industries on earth [72, 74, 75].
The major problem of dye stuffs in environmentesthetic pollutions in which the dyes change
the color of both receiving water bodies as welllaglfill. As said earlier, this pollutant is
visible in environment even at a concentration @8 As 1 ppm. The color change inhibits
sunlight penetration, water transparency and wgdsrsolubility as well as oxygen distribution
into water bodies and landfill, thus affecting teeergy chain in the ecosystem. Indeed, the
decrease in light penetration through water pallutéth dye stuffs affect the photosynthetic
activities, creating oxygen deficiencies and daslagng the biological cycles of the aquatic
biotic [76]. More importantly, the change in colof water bodies and landfill makes the
environment irritating and dirty (Fig. 2).

e

.

Figure 21—Color change due to dyes contamination of sunfeater and landfill

Secondly, these effluents as a hazardous toxitewamsist aside from color, large volume of

organic chemicals and heavy metals from dyeingfeughing salts. For instance, majority of the

23



Literature reviev| Chapter 2

dye stuffs contain sulphur, naphthol, nitrate, @catid, chromium compounds and heavy metals
like Cu, Hg, Pb, Ni, Co, Cd, As and other auxilimtyemicals, all of which collectively makes
the effluents highly toxic [72]. Besides, the efflus are usually at high temperature and pH,

which is damaging.

Specific attention has been given to azo dyes lsec#tiey pose very serious health risks to
humans if they were used in particular textiles dngkt to water bodies used for commercial
and municipal usage. Azo dyes have been reportedde serious damage to ecosystems when
discharged into water system without prior treatimesich is peculiar to developing countries.
The major threat of azo dyes comes from the formation of highly dangerous, toxic, and
carcinogenic aromatic amines which can be easily produced by azo group € N=N- cleavage
under certain conditions in the digestive tractd ather organs of animals as well as human
[71]. Over 24 aromatic amines have been eitheriguogatl or listed as carcinogenic and 5% of
azo dyes can cleave to produce these hazardousoocod®p [77]. Based on this, in 2002 EU
placed a ban on articles that may come in contébt skin which contains certain azo dyes that
could break down to any of the 24 possible caranagaromatic amines. In general, many azo
dyes are highly toxic and contains auxiliary comgrunthat are toxic to ecosystem and
mutagenic, and can have subtle to chronic effeatrganisms depending on exposure time and
concentration of the azo dye. The presence of ges th surface water and landfill has been
connected to growth reduction, neurosensory damageabolic stress and death in fish, and
growth and productivity in plants. Therefore cont@ation by dye stuffs limits the downstream

human water usage like recreation, drinking, fighand irrigation [78].

2.4 Removal of organic pollutants from aqueous solution by EAOPs
2.4.1 Electrooxidation/Anodic oxidation

Electrooxidation is an emerging AOP, where polltgazre oxidized either directly by
exchange of electrons between the anode and thetgeas or indirectly by strong reactive
oxygen species (ROS) — most especidid — generated on the anode surface [21,24,25,27].

The presence of chloride ions in the treated swiuthay facilitate indirect bulk oxidation by the
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in situ electro-generation of active chlorines like hydodte, chlorine dioxide and chlorine,
which could greatly enhance the overall electrodbalrincineration of the organic pollutants
[2,27]. The two types of electrooxidation oxidatiprocesses (anodic oxidation and “mediated
oxidation”- oxidation with active chlorine) havedrewidely employed in wastewater treatment

predominantly on laboratory scale.

Electrooxidation or AO without active chlorine geaon is the most prominent
electrochemical technique for the remediation ofsteaaters containing low contents of
persistent organic pollutants (POPs) [26,79-82is Téchnique was popularized and extensively
developed by Comninellis research group. Oxidatibpollutants in electrolytic cell is achieved
by either direct electron transfer to the anode irdirect or mediated oxidation with
heterogeneous ROS formed from water dischargeeaanibde, such as physisorb€dH which
are weakly attached to anode surface or chemisothetive oxygen” which are strongly
attached to the surface of anode [27,83-85].

For wastewater treatment, high anodic potentiabggiired to simultaneously oxidize the
pollutants and discharge water for the productibadsorbedOH as well as the activation of the
anode. Studies conducted by Comninellis researcbpgf83,84,86] have shown that nature of
electrode material has strong influence on botltgss selectivity and efficiency. For instance,
several anodes favored partial and selected owitladf organic pollutants (electrochemical
conversion), while other produced complete mineasibon of the compounds to GO
(electrochemical combustion). Regardless of anodeemal, the first step in oxygen transfer
reaction is the discharge of water molecules tmfadsorbedOH:

M+HO - M(OH)+H +¢e (2-1)
The nature of electrode material determines thd seps and two limiting classes of

electrodes were established vis a vis “active” ‘qnmh-active” anodes:

(i) At “active” electrodes, the adsorbed radicaiseract so strongly with the anode, forming
chemisorbed “active oxygen” or higher oxide, pr@ddhat higher oxidation states are available
on the electrode surface:

MOH) — MO +H +¢€ (2-2)
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The surface redox pair MO/M (chemisorbed “activeygen”) can act as a mediator in the
selective oxidation or electrochemical conversidéror@anic compounds at surface of “active”
electrodes:

MO+R— M+ RO (2-3)
Examples of active electrodes include DSA (RU@D,), Pt and doped Ti electrode.
(i) At “non-active” electrodes, where the formatiof a higher oxide is excluded, the surface of
the anodes interact so weakly with the physisorbgdroxyl radicals that these radicals
indiscriminately oxidized the organics until conmtpleombustion to C9O

MOH) +R - M+CO,+H,O+H +¢ (2-4)
BDD, oxides of Sn and Pb are typical examples ofactive electrodes.
However, the quantities and versatility of bothroeorbed “active oxygen” and the physisorbed
‘OH are affected by competitive side reactions yieltl other oxidants (§ H,O, and Q) which
are less reactive compare’ @H, resulting in decreased anodic process effigienc

Electrooxidation with active chlorine on the othrand is predominant during treatment

of wastewater containing high chloride ions con#idn (i.e. reverse osmosis concentrates
ROC) because large quantities of anodically geedraictive chlorine species such as, Cl
HCIO/CIO and CIQ are formed, which can oxidize the organics in cetitipn with ROS
[27,87].

2Cl - Ch+2e (2-5)
The yielded soluble chlorine diffuses away from @moto be rapidly hydrolyzed and
disproportionated to hypochlorous acid and chloramein the bulk solution:

Ci+H,O0 — HCIO+H +CI (2-6)

HCIO ~ H'+OCI (2-7)

The chlorine-mediated electrolysis has been fowartiqularly suitable and advantageous
for the treatment of real wastewater with high sadichloride concentrations such as ROC,
olive oil wastewater, textile and tannery effluestace salinity could sufficiently lower the
energy consumption because it increases the cawiyaif the solution [88-90]. The most
widely used electrode materials farsitu generation of active chlorine are based on platiou
mixed-metal-oxides (e.g. RuQIrO,, TiOy) [27]. Formation and accumulation of toxic
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chlorinated organic compounds — chloro-derivatitesalomethanes and chloroamines — during

the electrolysis is the major drawback of this pissc[16,87,89,91].

2.4.2 Electro-Fenton Process

EF process involves the formation'@H radical in bulk via Fenton’s reaction (Eq. 2-8)
between continuously electrogenerategDiat a suitable cathode fed with aig/@nd iron
catalyst added initially to the treated solutiorcatalytic amount [22,23,82]. The non- selective
attacks of organics contaminants in the bulk sotuty’OH gives several intermediates which
undergo further combustion to GQnterestingly, only small quantity of catalyti@®/Fe’* is
required because the Fenton’s reagenOgH- F€") is continuously electrogenerated (Eq. 2-9)
and regenerated (Eq. 2-10) by cathodic reducticB,@nd F&" respectively [21,92,93]. The fast
regeneration of Fenton’s reagents acceleratesrdurigtion of OH radical by Fenton’s reaction
(Eq. 2-8), which enhances the removal of the ogafiom treated solution. Thus, the EF
process possess high degradation efficiency thailasiAO when both processes are applied

separately [21,23].

F&" + H0, + H — FE* + H,0 +"OH (2-8)
O, + 2H +2¢e - H,O, (2'9)
Fe'+e — Fé' (2-10)

+ Selection of Fenton’s Catalyst

The selection of the iron source and regeneratiofféd’ requires for Fenton's reaction
strongly depend on the nature of cathode used.ieStudave shown that Feis slowly
regenerated in gas diffused electrodes (GDES) Isec&ireduction is predominant. As such
Fe’* is the preferred catalyst source for GDEs eleesoth contrast, both Eeand F&" ions can
be utilized as iron source with 3D-carbonaceouserias because of rapid regeneration of Fe
by cathodic reduction of B&[94-96]. More so, the cathodic regeneration df as also been
found to depend on factors such as electrode patemtd area, pH, temperature and the catalyst

content [97]. Therefore, preliminary studies areually conducted to establish optimum
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conditions at which waste reaction such as irodgduproduction and ¥, decomposition are

minimal.

Some authors have demonstrated the possibilitytitizing other metallic ions such as
CU?'/Cu’ [98-100], C3/Cc?* [98,99] and MA/Mn?* [100] couples instead of E&Fe** pair as
catalyst to electrogenera®H in the bulk from Fenton-like reactions. Othethaus [101,102]
have reported excellent co-catalyst effect of coppes in Fenton systems as a result of the
enhanced Fé regeneration from eq. 2-11.

Cu+Fe® — cCud +Fé (2-11)

% Electrolysis System

The cell configurations utilized in EF technologe @ither undivided cell — reactor in which
all the electrodes are in one compartment withelketrolyte or divided cell — where the anodic
half-cell containing anolyte (wastewater) is setetdrom cathodic half-cell housing catholyte
(supporting electrolyte) by either porous membranealt bridge. Nature of electrodes (anode
and cathode) has a significant influence on thieieffcy of EF process, as such proper selection
of electrodes material is a prerequisite in EF pssc Cathode materials such as graphite, carbon
felt (CF), activated carbon fiber (ACF), reticuldteitreous carbon, carbon sponge, carbon
nanotubes and GDEs have been successfully empioyel processes whereas anode materials

such as graphite, Pt, mixed metal oxides and B2Duaually preferred [23].

In EF process with undivided cell equipped withthmxidation power anode (i.e. BDD or
Pt), the destruction of organics is achieved byu#inmeous action of both homogeneou€h
formed in bulk by Fenton’s reaction (Eq. 2-8) anetenogeneous physisorbed ROS mainly
M('OH), which is produced by water discharge reacfigq. 2-1) at a high @overpotential
anode surface [21-23].

% Operating Parameters

Several operating parameters have been enumecaiefiiience the degradation of organics

in EF process. Such parameters includga® feeding, stirring rate or liquid flow rate,
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temperature and pH of the solution, electrolyte position, applied potential or current, iron
catalyst and initial pollutant concentration. Itinsperative to optimize these parameters during

electrolysis to achieve the best current efficieangl lowest energy cost.

2.4.3 Electrode materials for electrochemical oxidia

The efficiency of electrochemical oxidation proceggatly depends on the nature of
anode material used. As explained in section 2@&dgtrodes are grouped into two: “active”
electrodes with low oxygen evolution overpoteniieé. good catalyst for oxygen evolution
reaction) and characterized with only partial oxima of organics; and “non-active” electrodes
with high oxygen evolution overpotential (poor dgsh for oxygen evolution reaction) and
favors mineralization of organic to G(27,82,84]. However in practice, most electrodesilgit
a mixed behavior, because organic oxidation andy@xyevolution reactions occur via parallel
reaction paths [85]. Some works have enumeraterne#gotrodes - their properties, advantages

and limitations [21,26,27,85,103] and are herebysarized in the following section.

2.4.3.1 Carbon and graphite electrodes

Three dimensional electrodes (fluidized bed, padd,bcarbon particles, porous
electrodes, carbon felt, carbon sponge, activaggton fiber, reticulated vitreous carbon and
carbon nanotubes) made of carbon and graphite bavevidely used in electrochemical
treatment of organics because they are cheap, haeege surface area, and can combine
adsorption and electrochemical degradation of pailis[27]. As an anode in electrooxidation,
carbonaceous electrodes of different configuratgunsh as carbon-felt [104,105], carbon pellet
[106], carbon-fiber [107-109], glassy carbon [1a0[ graphite-particles [111-113] have been
employed in the electrochemical treatment of orgguullutants. This class of electrode have
been studied for the electrooxidation of phenoB6[110], dyes [109,113] and pharmaceuticals
[28]. For instance, Sopaj et al., 2014 [28] invgated electrooxidation of amoxicillin using
carbon-felt, carbon-graphite, carbon-fiber and soatker known commercially available

electrode materials in an undivided electrochentelll Relatively high oxidation of amoxicillin
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was observed with commercial Pt electrode compaoedarbon-fiber and carbon-graphite,
which in turn performed better than DSA. Howevérmiust be noted that the generation of
strong oxidant such as physisorbed hydroxyl radj€H) can oxidize spcarbon of the anode
in the case of carbonaceous electrode which wiltcafthe oxidation of organic pollutant.
Besides, carbon-based anodes undergo surfaceiooraygd burnt that reduces their service life

when utilized in electrooxidation at high potenfir].

Carbon based electrodes has been successfully asseflectrodes in Fenton’s based
EAOPs, however majority of the studies have ingeg&d these electrodes as cathode [21-
23,114]. As anode materials in Fenton’s based EA@R=llent degradation and relatively high
mineralization of organics have been reported [&it¢ce the degradation and mineralization of
organics are mainly by homogeneously genera®@d from Fenton’s reaction in the bulk
solution. High surface area carbonaceous matesiath as carbon-felt, graphite-felt, carbon-
sponge, carbon-fiber, activated and carbon-cloth been the most widely studied cathode
materials for Fenton-based EAOPs due to their lugpacity forin-situ production of large
quantities of hydrogen peroxide {Bb) [21].

2.4.3.2 Ruthenium, Thallium and Iridium oxides sdihelectrodes

Highly conducting thin film mixed-metal oxidefeposited on titanium alloys popularly
called DSA have been studied over the past decadegaod catalysts for chlorine and oxygen
evolution respectively [27]. These electrodes &asgified as “active” electrodes and have strong
interaction with the generate®H. As such, they have lower oxidizing power andnpote
selective oxidation (i.e. conversion) rather thaneralization of organic pollutants [115]. The
thin-film are made of Rug) IrO,, TaOs or mixed metal oxides majorly containing Ru, and Ir
oxides with empirical formula Rlr; O, deposited on Ti substrate. They are highly robust,
chemically and mechanically stable, and have bggulieal in electrochemical wastewater
treatment for the removal of organic pollutantsrothee past two decades [116]. However, the
major disadvantage of applying these electrodesdotrooxidation is that organic oxidation is
expected to yield low current efficiency for contplecombustion, because the secondary
reaction of oxygen evolution is favored [27].
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As an anode in electrooxidation, studies have coetpthe performance of Ry®ased
electrode with other commercial electrodes suchiPasPbQ, SnQ, BDD or even ebonex®
(Ti4Oy) for the degradation and mineralization of orgapatlutants such phenol [117,118], 4-
chlorophenol [119-121], real wastewater effluenR2]l 1,4-benzoquinone [123-125], p-
nitrosodimethylaniline [125], petrochemical indystvastewater [126], amoxicillin [28], methyl
red [127] and cyanide aqueous wastes containindgatsuland chloride anions [128].
Electrooxidation of organics with electrode basadRuQ, generally yield slow degradation rate
with the formation of stable intermediates as wasl several carboxylic acids with limited
mineralization to C@or TOC removal [27]. However, some authors hayeoned relatively
high mineralization of organics in electrooxidatmith Ir, Sn, Ti, or Ta doped Ruylectrodes
[120,121].

As anode in Fenton’s based EAOPs, DSA electrode® teeen reported to show
relatively high mineralization of organics sincee tloxidation of organics is predominantly
performed by the large quantities of Fenton’s reageneratedOH in the bulk. However the
performance of these class of electrodes are arf¢oi that of non-active anode like BDD or
Pb(Q, as expected due to the contribution of the hgreous hydroxyl radicals generated at the
anode surface. For instance, Wu et al. (2012) [$29])ied the removal of antibiotic tetracycline
from aqueous solution using CF cathode and DSA enwidh focus on the influence of
experimental variables such as current, initial @it tetracycline concentration on the drug
removal efficiency analyzed by Response Surfacehbtiilogy based on Box-Behnken
statistical experiment design. Further studies amexgh the efficiency of Ti/RuQIrO,, Pt and
BDD anodes and CF or stainless steel cathode tfacieline removal by AO and EF [130]. The
performance of Ti/Ru@IrO, anode using either CF or stainless steel was faanoke lower
compared to either Pt or BDD anode. Similar resweye reported for EF treatment of
pharmaceutical ranitidine, with the mineralizatefficiency obtained with Ti/Ru@IrO, anode
inferior to that of Pt or BDD anode [131].
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2.4.3.3 Platinum electrodes

Pt electrodes have been used for decades as drectraterials in EAOPs because of
their good conductivity and chemicals stability e\a& high potentials [27]. They are classified
as “active anode” because ti@H generated at the surface of this anode is fudkiglized to
chemisorbed oxygen (M=0), which are effective iecélochemical conversion rather than
combustion of organic pollutants. Studies have shtvat efficiency of Pt anode in terms of
degradation and mineralization of organics in eteotidation is relatively better than
carbonaceous and RufDased electrodes but far inferior to “non-actiaeddes such as BDD or
doped Sn@and PbQ [28]. These electrodes have been used in eledttation of varieties of
organic pollutants, such as phenol [83,117,132hrophenols [133,134], synthetic dyes [135—
137], herbicides [138], petrochemical industry easiter [139] and pharmaceuticals [2,140—
144).

Several studies have reported the use of Pt etketran Fenton based EAOPs for
oxidation of different organic pollutants eithertag lonely anode or in comparison with other
commercially available electrodes such as DSA obBDrganic pollutants such as textile dyes,
pesticides, pharmaceuticals, real wastewater ahdr dtydrocarbon contaminants have been
remediated with electrochemically generated hydroagicals using Pt and suitable cathode
materials and have been summarized in severalws\ieliterature [2,21-23,81,82,95,144,145].
For instance, the degradation of azo dyes — azebenz-methyl red and methyl orange in
aqueous solution was investigated using a Pt armuke a CF cathode [146]. Excellent
degradation of all the dyes and their intermedidigsroducts was observed until their final
oxidation to CQ and water. Complete mineralization of direct om®d by EF using Pt anode
and CF cathode was also reported by Hammami §t4d]. Diagne et al. (2006) [148] reported
excellent mineralization of methyl parathion byo#techemically generated Fenton’s reagent

using Pt anode and CF cathode.
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2.4.3.4 Doped-Tin oxides (Sp)dased electrodes

PureSn(G has low conductivity at room temperature and trarsot be used as electrode
material in EAOPs. However, antimony (Sb) doped Sh&> high conductivity with a potential
for O, evolution of ~ 1.9 V versus SHE [27,103], thus emkt effective anode material for
oxidation of organics. Several other dopants sushAg B, Bi, F, Cl and P have been
investigated as an alternative to Sb, since therlat a toxic substance with an US-EPA drinking
water limit of 6 pg L* [103]. A spin trap experiment usinyg,N-dimethylp-nitrosoaniline
demonstrate the formation oOH at the Sn@ electrode surface [83] and in turn, the
combustion/mineralization of substrates in aquesnlstion [149,150]. Although several studies
have investigated the used of doped-galéctrodes in oxidation of organics on laboratxsle
[124,151,152], they have not been applied on coroiaescale due to their short-service life
[153-155]. The short-service life of this classetdctrodes is attributed to two mechanisms: (i)
the formation of non-conductive Sn-hydroxide lagarthe outer surface of the anode and (ii) the
passivation of the underlying Ti substrate thatsesulelamination of the doped-Srim [156—
158]. The former (Sn-hydroxide) is believed to laeised by hydration of SnQurface and can
be minimized by doping with Pt, while the latteaggivation of Ti substrate) can be mitigated by
intercalation of an Ir@interlayer between the Ti support and theCgldoped Sn@thin film
coating, which has been proven to tremendously ongrthe service life of the electrode
[154,159].

Several studies have reported the greater potesttidoped Sn@ for electrochemical
wastewater treatment. Early studies reported cammpteneralization of wide range of organic
compounds irrespective of pH, with the efficien@r fgreater than that of Pt anodes [156].
Subsequent studies have also obtained completeratization of organics such as phenol
[118,149,160,161], pharmaceuticals [161,162], pelts [163], azo dyes [161], humic acids and

landfill leachate [164] with SIO, doped Sn@anodes at moderate current density.

As anode in EF process, doped Snédectrode has attracted very limited attention,
possibly due to the fact that it is not commergialailable. In fact, there is no study availalole i

literature concerning the application of this aelede in EF process to the best of our knowledge.
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2.4.3.5 Lead oxidex{Pb(Q,) based electrodes

Lead oxide anodes have been widely applied on tndusscale because they are
inexpensive and easy to prepare [27]. They havel goonductivity and large surface area and
have been extensively studied for the oxidatioarghnics. Earlier studies have shown that PbO
electrode has been utilized as pellets, however l&search mainly explore Pp@nd doped
PbQ anodes deposited on a variety of substrate sudfaagi, stainless steel and Exbonex®
[165-168]. Spin trap experiments [123,168] havefiomed the production ofOH on PbQ and
doped Pb@ but the mechanism for the production©f at the Pb@electrode is still not well
understood. Summary of the proposed mechanism oérggon of ‘'OH on PbQ based
electrodes can be found in literature [27,103]. §kaeratedOH are weakly adsorbed onto the
surface of the Pbfanode, thus make it readily available for substmtidation. The oxidation
potential of Pb@ electrode for organic pollutants removal has besported to be relatively
closed to that of BDD [169].

Several studies have reported the application @,RPind doped PbOelectrodes for
oxidation of organics such as synthetic dyes [1B&171], hydroquinone [139], 2,4-nitrophenol
[172], chloranilic acid [123],p-nitrophenol [173], herbicides and pesticides [168iethyl
phthalate [174], real landfill leachate [164] artthpmaceuticals [28,175].

However, there are limited literatures on the aggtion of this electrode in EF process

for the treatment of wastewater.

2.4.3.6 Boron doped diamond electrodes

Synthetic boron-doped diamond (BDD) thin film dejpes on suitable substrate is the
most efficient and widely studied electrode for BASxemediation of wastewater [27]. Diamond
films are grown on non-diamond substrates (e.dcaosi] tungsten, molybdenum, titanium,
niobium, tantalum or glassy carbon) using chemi@agor deposition because this method is
inexpensive and has been widely developed for cawialeproduction of crystalline diamond
films for industrial application [27,103,176]. Tmemmon dopant used in diamond electrode is

boron, due to its low charge carrier activationrgge(0.37 eV) [177]. The extent of boron
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doping controls the behavior of the diamond eletzraith low doping level (~ £0 atoms crv)
diamond exhibits semiconductor properties, whetggh doping level (~ 14 atoms cm?)

diamond exhibits semi-metallic conductivity [176817

BDD electrodes possess several technologically itapb properties that distinguish
them from other electrodes. For instance, theykaosvn for their extreme stability under anodic
polarization in aqueous and non-aqueous elect®lyte to C atoms being in>spybridization
[179]. They have excellent corrosion resistant ényvaggressive media even during long-term
cycling from hydrogen to oxygen evolution [180].rther, they possess inert surface with low
adsorption properties and strong tendency to refsictivation [181]. However, BDD film
electrodes are still subject to possible failurpeegally at high applied current density, majorly

due to film delamination from the substrate [1824 avear at grain boundaries [183].

Due to their excellent properties, BDD electrodesnmte the production of weakly
adsorbed hydroxyl radicals during the electrolysithe region of water discharge. The produced
radical unselectively and completely mineralizeamig pollutants with a high current efficiency
[27] according to the equations (2-12) and (2-13):

BDD + H,0 — BDD(OH) + H' + € (2-12)
BDD('OH) + R— BDD + CO, + H;,0 (2-13)

This mechanism confirmed experimentally using SiBedhyl-1-pyrroline-N-oxide and
salicyclic acid as spin trapping, showed that tix@ation process on the BDD electrodes

involves hydroxyl radicals as electrogeneratedrmégliates [184].

In the last two decades, several laboratories Heeen investigating this material for
wastewater treatment and the corresponding resegaaplers have increased exponentially
[27,103]. As anode in both AO and EF, many pubiicet have reported that BDD electrodes
allow complete mineralization (with very good cuntreefficiencies) of different classes of
organic pollutants, which have been summarized ievesl reviews [2,21-
24,26,27,81,82,95,103,144,145].
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2.4.3.7 Doped and substoichiometric titanium oxio@sed electrode

Ceramic electrodes based on sub-stoichiometric,, Téhd doped-Ti® have been
developed and tested for potential application lecteochemical wastewater treatment [185—
188]. Stoichiometric Ti@ is an insulator with an electrical conductivity 107 °Q cm™
[189,190]. However, creating oxygen deficiencieghe TiQ lattice structure can drastically
change its electronic properties. Introduction aelygen deficiencies in TiQlattice can be
accomplished at temperature above 80@inder a kcoke reduced atmosphere, in the presence
of reduced metals (e.qg., Ti), or by doping withigrdive elements such as V, Nb or Ta [103]. In

all case, T is converted to T1” with n-type semiconductor behavior.

The Ti—O system belongs to a homologous seriegdtdMagnéli phases” with the
empirical formula TiOzn1, (N > 3) [191]. Several oxides in this series exhibghielectrical
conductivity at room temperature [189,192,193],djoorrosion resistant in aqueous electrolytes
and high chemical stability, especially the fitstete oxides from thseries, i.e. EOs, Ti4O; and
TisOo [187,189,190]. For instance, ;0; has electrical conductivity of 168~*cm ™%, which is
many order of magnitude greater than the condugtofi TiO, [189,194]. The oxygen deficiency
of sub-oxides of Ti@phases are due to edge sharing ofsTe€tahedral in the crystallographic
shear plane [195]. Structurally, this electrodedasidered to contain a layer of TiO sandwiched
with three layers of Ti@[189]. Several reduction technique have been iigeged with the sole
aim of synthesize materials consisting majorlyOFj since it is the most conducting oxide in the
series [189]. However, studies have shown that uméxtof sub-oxides of Ti©is usually
produced from TiQirrespective of the reduction method employeds iimportant to note that
excessive reduction of TiOcreate a structure with significant oxygen-deficies, which is
extremely brittle and less conductive thapCFi[186,188].

Ceramic sub-stoichiometric TiCelectrodes consisting majorly ;,0i; are commercially
available and sold under the trade name Ebonex®,198]. Studies have shown that Ebonex®
ceramic electrodes behave as non-active anode regject to water oxidation and hydroxyl
radical generation [186,197]. However, throxyl radicalformed at its surface appears to be
less abundant but more reactive compared with BB@de at analogous condition [125]. Few

studies have investigated the potential of Ebonar® sub-stoichiometric Tiknanotube arrays
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as suitable electrode in various laboratory scldet®chemical wastewater treatment [125,198—
201]. However, TjO; electrodes are primarily used in cathodic protectf metallic structures
[188]. In addition there is growing interest in thynthesis and application of these electrodes as
supports for batteries, fuel cells, catalysts dedtecatalysts due to its corrosion resistance and
electrical stability [186,189,195,202,203].

The major challenge of application of sub-stoichetme TiO, electrodes is the formation
of thin layer of passivating Ti3coating due to the oxygen deficient nature of staichiometric
TiO,, which allows the possibility of oxygen incorpooat into the lattice structure during
anodic polarization [195,202]. Conflict results bdween reported concerning the reversibility of
the passivation layer possibly due to the presefaifferent Magneli phases in the Ebonex®
tested; while some studies have shown that theivadie® was reversible upon cathodic
polarization [195], other studies report that thesgivation is not totally rreversible [103].
However, recent work by Bejan et al. (2012) [197{hwEbonex® (TiO;) has shown that
periodic polarity reversals during the oxidation silfide were able to prevent electrode
passivation. Further, soft-sand blasting has beend to partially restore the activity of the
Ebonex® after reduction in oxidation potential dwepassivation. Extensive studies are still

need to understand the mechanism of passivatiatitragon of Tiy,O; electrodes.

Some studies have also investigated the dopingi©$ Trutile phase) with Nb which
produces ceramic materials with very high electraznductivity [204]. Niobium-doped rutile
TiO, (NDR) has been found to be highly conductive witloposed general formula of ;Ti
xNbO, and a typical oxide composition ofgENb 10, has electrical conductivity similar to that
of Ti;O; [202,205]. The mechanism of doping in this caskyiglirect substitution of NB for
Ti**, which is highly favored due to the similarity émystal radii of both N& and Tf* when
present in a 6-coordinate structure [206]. As suldped oxides have much more resistant to
oxidation than TjO; as they consist of negligible anion deficienci282,205]. Based on this
unique feature, the NDR has been studied for agipdic in regenerative fuel cells, fuel cell and
battery supports, dye-sensitized solar cells andctecatalysts for water oxidation
[202,204,207-209]. However, only limited study abbk found in literature that utilized doped-
TiO, for EAOPs.
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As stated earlier, both electrode materials canegée hydroxyl radicavia water
oxidation reaction [125,199,200] for organic pddots oxidation. Some recent studies have also
employed the formability of sub-oxides and dope@;Tto produced conductive porous reactive
electrochemical membrane consist of monolithic cdtme of TyO; electrodes for concurrent
filtration and electrooxidation of organics [1990200ther studies have reported the excellent
oxidation potential of sub-stoichiometric Ti@anotube array compared to bothGr particles
electrode and BDD for phenol mineralization [20Although, electrochemical water treatment
potential of both sub-stoichiometric and doped JTélectrodes are very exciting, the durability
and electrochemical stability of both still requirextensive investigation. In fact, all studiesttha
have been carried out on,O; and doped-Ti@for electrochemical wastewater treatment were
performed at low current densities (i.e. < 10 mA tmFuture research should also investigate
these electrodes for oxidation of complex orgamtiupants such as pharmaceutical, pesticides
and synthetic dyes. More importantly, these elel@sohave not been used in Fenton’s based
EAOPs because of formation of yellowish Ti(3)s complexes which inhibits Fenton’s
reaction.

2.4.4 Heterogeneous electro-Fenton process

Heterogeneous EF uses solid catalyst source forgémeration of OH. It has been
investigated as a promising alternative to homogesd=F to overcome necessities for catalyst
quantity optimization as well as widening the pkga at which EF process can be performed
[210,211]. As stated in section 2.3.2, all Fentdmésed AOPs are optimum at pH 2.5 — 3.5, as
such performing EF process outside this pH rangeltein lower efficiency of the process. For
instance at pH 2, the formation of peroxonium ions {Bb") which makes the electrogenerated
H,O, electrophilic and reduces it reactivity towards’*Fim addition to the preferential ;H
evolution at the cathode occurs at lower acidic wHile at pH> 4.0, there is both precipitation
of F€"* (elimination of the catalyst) as ferric hydroxiaied the decomposition of generatefDh
into water and @ thus hindering the production @H [21,25]. Heterogeneous EF has been
developed to overcome the challenges of narrow phdew encountered in EF process.

Additionally, heterogeneous EF offer added advamtafj reusability of catalyst for several

38



Literature reviev| Chapter 2

cycles as well as its easy separation from theedesolution. The coagulation step used as post-
treatment to remove the catalyst in EF usuallyltesn generation of large quantities of ferric
iron sludge which constitutes additional separatiod disposal problem, and in turn increases

the operational cost [210].

Generally catalyst/co-catalyst supported on sutestraust possess some characteristics in
order to achieve the required improvement in agtighd overcome the challenges encounter in
homogeneous Fenton’s reaction. The most impodaatacteristic is the catalytic activity and
stability of the material [212]. Reusability in &l runs is not a good criterion for determine
stability of catalyst since substrate-to-catalygtor determined the reusability [213]. In essence
large excessive quantities of solid catalyst shaldays allow reuse of materials in several
consecutive reaction runs whereas; lesser amotistdid catalyst would make reusability more
difficult. The maximum productivity of solid cataly can be measure by performing an
experiment with a large excess of substrate faodbopg time until complete deactivation of the
catalyst. Analysis of this experiment can also att¥be deactivation rate of the catalyst and its

causes [212].

Other parameter closely related to stability is l#eching of the catalyst to the aqueous
phase which must be minimized to avoid excess ysitah the solution that can act as
homogeneous catalyst [210]. In case there is legcbf catalyst into the solution, the overall
catalytic activity maybe the combination of bothiaty of the leached species and the activity
of the solid catalyst. Although leaching may enleatite overall catalytic activity performance
but it usually leads to depletion of metal siteshia solids and may cause loss of solid catalytic

activity in the long run [212].

Studies have shown that there are two main meaimanaf oxidation of organics in
heterogeneous EF process: homogeneous catalyzesligfaded catalyzed processes depending
on the pH at which the EF process is being perfdrmed the nature of the catalyst used
[210,214]. Under low pH conditions the process appéo be controlled by both redox cycling
of dissolved iron (Fé/F€**) and the surface catalyzed mechanism, the fornnamnating from

the dissolution of Fe catalyst. At circumneutral, pike contribution of dissolved iron species to
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the catalytic decomposition of,8, should be negligible because Fellll] is insolufdé&4]. As

such, catalytic decomposition ob®; at higher pH is considered as a surface-catalgreckss.

Heterogeneous EF can be broadly divided into twaugs — those with added solid

catalyst and catalyst impregnated electrode. Blviaidly discussed in the next section.

2.4.4.1 Heterogeneous electro-Fenton process wsidgd catalyst

Heterogeneous EF process using added solid catahisted natural or synthetic
relatively insoluble Fe or Fe compound supportecuanstrate. As stated earlier, the overall aim
is to achieve reusability of the catalyst, easyas&jon after EF treatment and widening the pH
window at which EF can be perform. Early studiesestigated the viability of goethite
(FeO(OH)) as an iron dosage source for aniline ralimtion by a modified process termed
goethite catalyzed EF [215]. Further works by theug [216] extended their studies to other
iron oxides minerals such as wustite (FeO), magné€ieO,) and hematiteot F&Os3) for their
use in both EF and photo-EF processes. The efgiehEF process with wustite and magnetite
was found to be greater than’Fewhereas that of goethite and hematite is muctetohe
difference in the performance was attributed toatbiity of the minerals oxide to release’F®
the bulk, which react with electrogenerategDblvia Fenton reaction (eq. 2-8) so that the system

could behave as pure homogeneous catalysts thas aetf-regulatory iron source.

Since then several researchers and laboratorynatonn corresponding publications have
been tailored towards this aspect of EF procegsecsly in the last 3 years. For instance
Ramirez et al. (2010) [217] utilized Fe — supported Naflon membrane and ion-exchange
amberlite and purolite resin as a catalyst in ptigfofor degradation of agqueous orange-Il dye
solution. While up to 60% TOC removal was achieuader experimental condition employed,
the Fe was relatively fixed on the supports withited desorption. Iglesias et al., (2013) [218]
studied the application of Fe-loaded sepiolite mieeh by adsorption as an effective
heterogeneous catalyst in EF for degradation oCfReaBlack 5. Total decoloration of the dye
was achieved in all numbers of batches tested slight reduction in efficiency with increase in

number of batches. At optimum conditions, total aleczation was obtained with a COD
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reduction of 86.7 % and an energy consumption peoldrized dye mass of 12.76 kWh/kg.
Some studies recently utilized pyrite as heterogesesource of Fé and pH regulator in EF
treatment of pharmaceuticals such as sulfamethd2it@, levofloxacin [220], azo dye [221]
and phenolic compound tyrosol [222]. In all caghe, oxidation/mineralization of the pollutants
by pyrite catalyzed EF was found to be higher tb@amesponding classical EF process at similar
experimental conditions with BDD or Pt anodes. 8gsized nano-E@, has also been utilized
to catalyzed EF for the oxidation of catechol fraegueous solution [223]. Several operation
parameters such as temperature, pH, catalyst lgaaia initial catechol concentration were
found to affect the efficiency of the process watttellent mineralization and catalyst reusability
obtained at optimum experimental conditions.

Other studies have utilized Fe—loaded and Mn—algiaa catalyst for heterogeneous EF
treatment of malodorous compound, indole [224] eeattive black 5 respectively [225], with
efficient mineralization and reusability obtainedr f Fe—loaded alginate, whereas poor
degradation of the dye was achieved with Mn—loaalgthate due to deposition of Ma@t the
anode. In a related studies, Fe—supported Y-zemtiteFe—Y zeolite loaded alginate was utilized
for the heterogeneous EF removal of pesticide fgpaund water [226]. The reusability of Fe—
supported Y-zeolite was found to be relatively Iowt was significantly improved when
embedded in alginate. Similar studies reportedueeof Fe—modified bentonite synthesized via
green chemistry using green tea extract as redueind capping agent as catalyst in
heterogeneous EF degradation of orange Il dye [2&8me of the recent studies on

heterogeneous EF with catalyst added are summariZeable 2-1.

Table 2-1- Summary of some recent studies on heterogeneotre&@fment with added catalyst

Pollutant: Catalys Solutior Cathode | Efficiency | Current Ref.
anode density/Ener
ay
Indole Fe-alginate | 20 mg L indole | CF/P 90 % TOC | 0.53 mA [224]
in N&SOQ, at pH 3 cm™!
and 7 h
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sulfametha: | Pyrite 200 mL of 0.z CF/P 87% TOC |[20mAcm ' |[219
ne (FeS) mM of the drug in
50 mM NaSO, at CF/BDD | 95% TOC
pH 3
Amaranth Fe;,CuO, | 400 mL of 10C GDE/P 70% TOC | 483 kWh k¢ | [228]
food dye mg L* of dye in !
0<x<0.25
1M KOH at pH
13.4
Levofloxacir | Pyrite 200 mL of 0.22 CF/BDD | 95% TOC |50 mA cm ' | [22(]
(FeS) mM drug in 50
mM NaSO, at
pH 3
p-nitrophenol| Clump stee| 50 mg L™ of p-NP | GDE/PbC | 79% TOC |3 mAcm ' | [229
(p-NP) wire in 50 mM NaSGQ, | »
atpH 3
Orange | Fe- 400 mL of100 Graphite | 76% COL | 14.29 mA | [227]
bentonite | mg L' of dye in | graphite cm™!
50 mM NaSQ, at
pH 3
2,4-DCF Fe-C 300 mL of 12C GDE/Ti/lr | 55% TOC 12.5 mA [23C]
particle mg L* of 2,4- O,.RuG, cm™!
DCP in 50 mM
NaSQO, at pH 6.7
Reactive Mn- 150 mL working | Graphite | 73% TOC - [225]
Black 5 alginate volume at pH 2 | graphite
paper
AHPS dye Pyrite 250 mL of 17& Graphite | 90% TOC | 75 mA cm * | [221]
(FeS) mg L* of AHPS | felt/BDD

dye in 50 mM
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Na,SC, at pH <
Imidacloprid | Fe-Y 150 mL of the Graphite - - [23]]
and zeolite pesticides in 100 | BDD
Chlorpiryfsol _ mM Na,SO,
Alginate-
Fe-Y
zeolite
Catechc Nanc- 200 mL of ACF/Pi | 73% TOC |10 mAcm '|[223
Fe,O, catechol solution
atpH 3
Reactive Fe-sepiolite | 150 mL of RB5 | Graphite - - [218]
Black 5 in 0.01 M NaSQO, | BDD
Phenac Fe-Cu 100 mL phenol ir | Glassy - - [232]
nanoclay 0.05 M NaSOy carbon/Pt
m-creso Fe- 150 mL of n- Nickel 83% TOC - [233]
activated | cresolin 0.02 M | foam/BD
carbon NaSO, D

2.4.4.2 Heterogeneous electro-Fenton process wstayst impregnated electrode

Modified carbonaceous electrodes (cathode) have esently developed, which act as
electrode as well as the catalyst in heterogenetetron-Fenton system [210,214]. In many
cases, the catalysts are impregnated or loadedaberials potent for D, generation such as
active carbon fiber, carbon-felt, graphite felt anetently carbon aerogel. The catalytic
performance in most cases is due to combinatidmtf homogeneous oxidation in the bulk of
the solution because of leaching of the catalydttatierogeneous oxidation at the surface of the
cathode at low pH value, whereas surfaced catalyredess is predominant as pH increases

[214]. The efficiency, stability and reusability thfe catalyst impregnated electrodes are largely
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affected by the technique by which the catalygrafted into the carbon matrix. The technique

used controls the adhesion and mechanical weafitige catalyst from cathode matrix.

Several studies have investigated various methodsbtained functionalized cathodic
materials for applications in heterogeneous EFga®dor mineralization of organic pollutants.
For instance, pyrrhotite (F€S:) powder grafted on graphite sheets by conductiverspaste
was utilized as cathodic heterogeneous Fentonysat&h degrade biorefractory organics in
landfill leachate [234]. Previous studies by Zhamgl co-workers utilized Fe @##; nanowires
as an iron source mixing with multi-walled carboanotubes and fixed to tetrafluoroethylene
(PTFE) as cathode materials for degradation of ahode B at neutral pH [210]. The same
authors [235] have investigated activated carb@psted nano-FeOOH cathode prepared by
depositing iron oxide nanocrystals on the surfadeactivated carbon for the oxidative
degradation of amaranth dye. The prepared electmadeable to achieve desirable reactivity but
low stability due to mechanical wearing, dissolatand agglomeration of the catalyst during EF
treatment. Some studies have also reported Fedoactesated carbon cathode prepared either
by adsorption or electrochemical technique as dactfe electrode and catalyst for the
degradation of m-cresol and Orange Il solution [238]. The use of carbon-aerogel loaded with
different kinds of solid Fe- catalyst such as Fe@g&€ and iron oxide-graphene/nanotubes have
recently been investigated for the degradationasious organic pollutants on a wide pH range
[214,237,238]. The Fe-loaded aerogel in most caseshighly stable and shows excellent
reactivity towards organic pollutants over a widd mnge. However, some of the synthesis

techniques seem more complex for commercial apgfita

2.5 Conclusions

The occurrence, fate and toxicology of pharmacaltiesidues in aquatic environment
and their removal by EAOPs such as AO and EF aalee in this chapter. The efficiency of
EAOPs such as AO and EF for the removal of pharotaiz residues could be significantly
enhanced in terms of performance and cost by pregdection of electrode materials and in case

of EF by heterogeneous catalyst system.
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Active electrodes such as Pt, DSA and carbonacewterials are generally not suitable
for AO process because only electrochemical comwersan be achieved at their surface with
limited mineralization of the pollutants. Non-a@&ihanode such as doped Sn®bQ, sub-
stoichiometric TiQ and BDD on the other hand produces large quamtiie’OH at their
surfaces which could achieve almost complete eleltbmical combustion of organic pollutants
to CO. However, doped SnCelectrodes are relatively unstable and have Swettice life,
whereas Pb@presents post hazardous risk due to possible itegchspecially at basic pH.
Although BDD remain the best anode for electroclvainivater/wastewater treatment, the high
cost of production has limited its application amdustrial scale. Sub-stoichiometric TiO
represents a low cost alternative electrode bectuseproduce from Ti@ which is a highly
abundant feedstock in universe. This electroded¢dasively high potential for production GdH
and mineralization of organic pollutants. Howevthis electrode has not been extensively
studied for electrochemical AO and EF. Indeed, pggformances were investigated in the

following chapters.

On the other hand, heterogeneous EF system is @tingxalternative to homogeneous
EF with the possibility of performing EF at a witenge of pH without necessarily reduce the
efficiency of the process. This is possible becaiséace-catalyzed oxidation process controls
the mineralization of the organic as the pH incesasddditionally heterogeneous EF proffer
recyclability and reusability of the catalyst thuske the process efficient and economical for

commercial application purposes.
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CHAPTER 3

Substoichiometric titanium oxide ([@;) as anode material for electrooxidation of complex
organics is required as this material represenkswacost alternative to other commercially
available anode materials. Only few studies withom#ocus on degradation efficiency without
in-depth considerations of the behavior, have itigated this anode material according to
literature. Further, simple molecules have beedistuwithout focus on emerging and complex

pollutants especially pharmaceuticals.
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Sub-stoichiometric Titanium Oxide (Ti,O-) as a Suitable Ceramic Anode for
Electrooxidation of Organic Pollutants: A Case Stug of Kinetics,

Mineralization and Toxicity Assessment of Amoxicilin

Abstract

Electrochemical degradation of aqueous solutiomgameing antibiotic amoxicillin (AMX) has
been extensively studied in an undivided electiolgell using a sub-stoichiometric titanium
oxide (TyO;) anode, elaborated by plasma deposition. Oxidatiggradation of AMX by
hydroxyl radicals was assessed as a function dfeppurrent and was found to follow pseudo-
first order kinetics. The use of carbon-felt cathahhanced oxidation capacity of the process
due to the generation of,8,. Comparative studies at low current intensity gddSA and Pt
anodes led to lower mineralization efficiencies paned to T/O; anode: 36 and 41% TOC
removal for DSA and Pt respectively compared to 6@%Ti,O; anode. Besides, the use of
BDD anode under similar operating conditions alldweaching higher mineralization (94%)
efficiency. Although TjO; anode provides a lesser mineralization rate coegpéw BDD, it
exhibits better performance compared to the claksicodes (Pt and DSA) and can constitutes
an alternative to BDD anode for a cost effectiveceb-oxidation process. Moreover several
aromatic and aliphatic oxidation reaction interna¢els and inorganic end-products were
identified and a plausible mineralization pathwdyA®1X involving these intermediates was

proposed.

Keywords: Electro-oxidation; Amoxicillin; 10, anode; Hydroxyl radicals; Plasma deposition;
Mineralization
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3.1 Introduction

AO (or electrooxidation) is one of the most populBAOPs that able to oxidize
efficiently, organic pollutants present in aqueaadution. It is based on the generation of
hydroxyl radicals at surface of a high-Gverpotential anode M via water oxidation reacftieq.

3-1) [1-3]. The sorbed hydroxyl radicals (KH)) is non-selective highly oxidizing agent and
very reactive species against organic contaminariterefore it is able to oxidize organic
pollutants until ultimate oxidation state, i.e.,n@falization [4]. This process has been studied as
a possible treatment technique for the remediatiowastewater with low content of various

recalcitrant organic pollutants [5-8]
M+ H,0 - M(OH)+ H* + e~ (eq. 3-1)

Based on the interaction between the anode su#gadeM(OH), anode materials are
classified into two: “non-active” anodes (e.g. BDEhQ and Ti/SnQ) where the oxygen atom
of M('OH) is not covalently bound to the surface of timede and “active” anodes (e.g., Pt,
Ti/RUO,, Ti/RUG-IrO, and Ti/lrQ-Ta0s) in which M(OH) is further oxidized to form
chemisorbed active oxygen with the oxygen atom lemwly bound to anode surface (M=0) [9].
The former (M{OH)) usually leads to complete mineralization (&#l@chemical combustion) of
the substrate [10-14], whereas significant minea#ilbn of complex substrates rarely occur with
the active anodes [15-17]. BDD thin-film electrode® the best anode material known for
electrooxidation due to their high chemical stapiéind generation of MQH) in large quantities
that ensures complete mineralization of organidupamts [18—24]. However, the high cost of
BDD electrode and scarcity of suitable substratmitliits large-scale application [3].
Furthermore, relatively short service life of Til3ASb based electrodes and high risk of lead
contamination by chemical leaching of Pb&ectrodes have prevent their practical applicetio
even though both electrodes are relatively effector electrooxidation of organic pollutants
[25-29].

Recently, ceramic electrodes based on sub-stoi@tiamtitanium oxides, particularly
Ti,O7; has been developed and tested for potential aiglic in electrochemical wastewater
treatment [30-32]. The Ti—O system belongs to Magpigases homologous series with the

empirical formula TiO2n1, (n > 3) [33]. Several oxides in this series exhibithiglectrical
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conductivity at room temperature, good corrosiosistant and high chemical stability,
especially &< n< 6 oxides from theeries, i.e., 10, TisOy and T§O11 [30,34,35]. Studies have
shown that TjO; ceramic electrode behave as non-active anoderestbect to water oxidation
and hydroxyl radical generation [30,36,37]. Howetbe M("OH) formed at its surface appears
to be less abundant when compared with BDD anodaalbgous condition [36]. Although the
potential of these oxides as suitable electrodelentrochemical wastewater treatment has been
demonstrated in the last decade, only few studres awvailable in literature [30,37-40].
Furthermore, relatively simple organic substratesehbeen investigated with little attention
given to emerging micropollutants such as pharmaauesidues.

AMX, a B-lactam antibiotic is among the most commonly deig@harmaceuticals in
sewage treatment plants, effluents and surfacervidle-44]. It has low metabolism in both
human and livestock body system; as such 80-9@cieted and released into the environment
as unmodified drug [45,46like many of other antibiotics, it is widely andrestricted used in
both human and veterinary medicine, and of great@m due to their adverse environmental
impacts such as proliferation of antibiotic resistpathogens and ecotoxicology [44,47-49].
Different treatment techniques have been employedttfe removal of AMX from aqueous
solution, including AOPs such as Fenton’s reagéf+%$3], ozonation [54,55], heterogeneous
photocatalysis [56,57] and EAOPs using differenbdien materials [58—60]. Electrochemical
based technologies were found to achieve muchrhigkralization in most cases, whereas other
AOPs treatments only achieve good degradation thigiformation of more stable intermediates

that were mineralized at a very lower rate.

This paper investigates the potential use of thestaichiometric titanium oxide (70-)

as ceramic electrode for degradation and minetaizaf AMX in aqueous medium. The effects
of applied current and AMX initial concentration dhe decay kinetics of AMX were
systematically studied. TOC decay was assessetlitalate the mineralization of AMX. For
comparison, similar studies were conducted witreotnown commercial anodes such as Pt,
DSA and BDD. A possible reaction mechanism of tleeteochemical mineralization of AMX
was proposed by analyzing and quantifying the atmmatermediates, short-chain carboxylic
acids and released inorganic ions. Further, thelugoa of solution toxicity during

electrochemical treatment was examined.
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3.2 Materials and Methods

3.2.1 Chemicals

All chemicals used in this study were reagent gradeigher and were used as received
without further purification. AMX— (GH19dN30sS, with >90% purity) was obtained from Sigma-
Aldrich. Sodium sulfate (N&O), sodium chloride (NaCl), potassium sulfate$Ky), sulfuric
acid (HSOy) and phosphoric acid gRO,) were supplied by Sigma-Aldrich, Merck, and Acros.
Oxalic (HC,0,), oxamic (GH3NO3), acetic (GH40,), maleic (GH40,), glycoxylic (GH20s)
and malonic (6H4O,4) acids were obtained from Acros, Fluka and Alfesée Bioluminescence
bacteria and the activation reagent LCK 487 LUMIXT®ere supplied by Hach Lange France
SAS. All solutions were prepared with Milli-Q ultpure water (> 18 I at 25°C). Organic
solvents and other chemicals used were HPLC oy@ngrade from Sigma-Aldrich, Fluka and
Merck.

3.2.2 Preparation and characterization of Ti4O; electrode

TiOx particles were prepared by electro-fusion methBdefly, a mixture of TiQ
(ALTICHEM >98%) and coke (Coke de Brai AO151203 ACHEM 98%C) was fed into a
Heroult-furnace and an electric arc was createdids the two graphite electrodes. This electric
arc was able to melt the fed mixture that was exadht poured into a graphite mold. The
obtained ingot was jaw-crushed, milled and siewedltain powder with particle size smaller
than 70 um. The X-ray diffraction spectrum of tlewvpder obtained shows a mixture o&di,
Ti4O7, TisOg, and TiO11 phases (Fig. 3-1).
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Figure 3-1 — X-ray diffraction pattern of the powder used in preparing Ti,O; anode

The fused TiQ particles were used to make a plasma-coating irsabstrate of 4 cm x
6 cm. The plasma torch (Saint-Gobain ProPlasma Sbyists of a tungsten cathode and a
copper annular anode. Argon and hydrogen gas (18i§%as introduced in the space between
these two electrodes. A direct current (DC) potdns applied to the electrodes; leading to an
electric arc (38 kW) which ionizes both argon andrlbgen and produces a “plasma plume”
with inner temperature range of 10000 to 15000T#& TiQ particles were introduced into this
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plasma plume using argon as carrier gas (30 g'niijector diameter = 1.8 mm; injection angle
= +10°). They are melted and accelerated by thenpaonto the Ti substrate that has been
pretreated by sand-blasting to create a rough curfahe TiOx particle size distribution
(obtained from HORIBA Laser Scattering ParticleeS2istribution Analyzer - PARTICA LA-
950V2) is shown in Fig. 3-2 and indicate that 80f4he particles are in the range 20-60um,
which is critical for plasma spraying. Melted pelegs impact the substrate as “splats” that are
guenched at the contact of the cold titanium platehomogenous and continuous lamellar
coating (Fig. 3-3) was obtained by the motion @& tbrch versus the substrate (linear velocity =
800 mm s"; step = 2 mm). X-ray diffraction of the prepardelcerode shows that the main phase
in this plasma-coating was 0.
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Figure 3-2 — TiOx particle size distribution used in preparation of Ti,O.
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3.2.3 Electrolytic system

Electrolytic experiments were performed in an operdivided and cylindrical glass cell
of 6 cm diameter and 250 mL capacity with the sotuvigorously stirred by a magnetic PTFE
bar during treatment to enhance the mass trangpodrds the electrodes. A constant current
was supplied with a Hameg HM8040 triple power D@piy. Four electrodes, all of 24 érarea
were used as anode:,OF (4 cmx 6 cm thin film deposited on Ti substrate, SAINT BN
CREE, France), commercial pure Pt mesh, BDD (4xc® cm, CONDIAS, Germany), and
commercial DSA (4 cnx 6 cm, Baoji Xinyu GuangJiDian Limited Liability @apany, China).
The cathode was either a tri-dimensional, largdasararea CF (14 crs 5 cm x 0.5 cm,

Carbone-Lorraine, France) or stainless steel witlar#f surface area.

The anode was centered in the electrolytic celirosunded by the CF cathode which
covers the inner wall of the cell. When using CFcathode, compressed air was continuously
bubbled into the cell through a silica frit at abau_ min*, starting 10 min prior to electrolysis
to maintain the @ concentration in the solutiomn-situ H,O, generation was attained by 2e
reduction of dissolved oxygen at the cathode (&sikkt al., 2009). To examine the influence of
applied current (10 — 120 mA) on AMX degradatiord amineralization, 230 mL agueous
solutions of 0.1 mM AMX (19.6 mg I TOC) containing 0.05 M N8O, as supporting

electrolyte were used to conduct the electrochdneixkperiments at natural pH (~ 5.7) of the
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solution. Besides, similar experiments were corgtlicinder analogous conditions to investigate
the effect of initial AMX concentrations (0.05 -20nM) on the degradation kinetics at applied
current of 120 mA. The contribution o8, to the degradation and mineralization of AMX was
examined by substituting CF with stainless steetathode. All trials were conducted at room
temperature (23 = Z) in duplicate.

3.2.4 Instruments and analytical procedures

The mineralization of treated solutions was analyireterms of TOC abatement, which
was measured on a Shimadzu VSCH TOC analyzer @ngatal the thermal catalytic oxidation
principle. Reproducible TOC values with £2 % accyravere found using the non-purgeable
organic carbon method. The percentage TOC remoasloalculated according to the following

equation:

TOC removal (%) = “Coe® 4 100 (Eq. 3-2)

TOC,
whereA(TOC)exp is the experimental TOC decay at electrolysis tirfrag LY and TOG is the
corresponding initial value before electrolysiseThineralization current efficiency (MCE in %)

was calculated from the following equation (Brilletsal., 2009):

n F Vg A(TOC)ex
MCE (100%) =4-.32>S<1o7 m ?‘f

x 100 (Eq. 3-3)

whereF is the Faraday constant (96487 C Mol is the solution volume (L), 4.32 10’ is a
conversion factor (=3,600 s'x 12,000 mg of C mot), mis the number of carbon atoms of
AMX (16 C atoms) and is the applied current (A) andis the number of electron consumed per
molecule of AMX; taken to be 70 assuming completearalization of AMX into CQ, NO; and
SO

C1H19N30sS + 40HO — 16CQ, + 3NOs + SO + 99H + 94e (Eq. 3-4)
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The concentration decay of AMX during electrolygaias analyzed by injecting 20 pL
sample to the reversed-phase HPLC set-up, (Modé#35 Lachrom, Merk Hitachi, Japan)
equipped with a L-7100 pump and fitted with a Pphes RP-18, 5 um, 25 cm x 4.6 mm (i.d.)
analytical column at 48C with the detection performed on L-7455 photodiad®y detector at
a selected wavelength of 232 nm. The AMX conceioinatvas determined periodically using an
isocratic solvent elution of methanol/water (pH By8H;PQOy) 10:90 (v/v) as a mobile phase at a

flow rate of 0.4 mL mii.

Generated aliphatic carboxylic acids during treatinveere identified and quantified by
ion-exclusion HPLC using Merck Lachrom liquid chratograph equipped with an L-2130
pump, fitted with a C18 Acclaim OA (organic acidé)mmx 25 cm (i.d.) column at 4%C, and
coupled with a L-2400 UV detector selected at wangth of 210 nm, using 1%,80, at 0.2
mL min™* as mobile phase. The concentrations oN®H," and SG* released to the treated
solutions were assessed on ion chromatographyjegtimg 50 pL samples into a Dionex ICS-
1000 Basic lon Chromatography set-up coupled witlDianex DS6 conductivity detector
containing a cell maintained at 86 through Chromeleon SE software. The N@nd SQ*
content were determined with a Dionex AS4A-SC, 2b6xc4 mm (i.d.) anion-exchange column
using a mixture of 1.8 mM N&O; and 1.7 mM NaHC®@solution at 2.0 mL mirt as mobile
phase. For N detection, a Dionex CS12A, 25 cxd mm (i.d.) cation column and a mobile

phase of 9 mM kB0, at 1.0 mL min' was used.

GC-MS analyses were performed using a Thermo Stee@C-MS analyzer equipped
with a TRACE 1300 gas chromatography coupled to I&Q single quadrupole mass
spectrophotometer operating in electron impact madg0 eV. Samples for GC-MS were
obtained by solvent extraction of organic compos@itl0 cni of electrolyzed solution with 45
cm?® of dichloromethane (three extractions with 15° @ach), followed by drying of the organic
fraction over 2 g of MgS§) filtered and concentrated to a volume of 13anith a rotary
evaporator under vacuum. The samples were diraotyyzed by GC-MS using a TG-5MS 0.25
pm, 30 mx 0.25 mm (i.d.) column, with a temperature ramB®fC for 3 min, 10°C min* up
to 250°C and 4 min hold time. The temperature of thectgeand detector were 200 and 250
°C respectively, and helium was used as carrieragjasflow rate of 1.5 mL min. The mass
spectra were identified by Xcalibur data library.
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The evolution of toxicity of treated AMX solutioret different electrolysis times was
performed by means of MicrotBxmethod. Toxicity of the samples was evaluated dasethe
inhibition of the bio-luminescence of the bactéridischeri. The pH of all the analyzed samples
was adjusted to 6.5 — 7.5 with the aid of 0.01 + @M NaOH, and the bioluminescence
measurements were performed on both blank as welleztrolyzed AMX solutions after 5 and

15 min of exposure tW. fischeri bacteria using Microtox method.

3.3 Results and Discussion

3.3.1.Kinetic studies of AMX degradation

The kinetics of the degradation of AMX by electrogeated oxidants especially Y@H)
has been studied from the decay of its concentrationitored by reversed-phase HPLC. A
well-defined absorption peak related to AMX was ayw displayed at a retention tinmg) (of
10.8 min on the chromatograms. As shown in Fig.a3ahd 3-4b, the decay of AMX
concentration is dependent on the applied curmeshinauch rapid degradation was observed with
increasing current with both J0; and BDD anodes. The concentration of AMX reduced.09
mM (~4.0 mg %) in both cases when a lower current of 10 mA waglied for 120 min,
whereas it was completely degraded after 120 andnBO at 30 and 60 mA respectively.
However, a slightly faster decay in AMX concentatiwas observed with J0; anode at 120
mA (Fig. 3-4a), with the drug disappeared aftem#ii compared to 60 min observed with BDD
anode (Fig. 3-4b). The increase in reaction rat&MX with raising current is related to the
production of larger quantities of electrogeneratetive oxidant (MQOH)) from water oxidation
at anode surface (eq. 3-1), which rapidly oxidizd>XAmolecules. Comparative studies at 120
mA with DSA and Pt anodes and CF cathode show layegradation rate as expected with
active anodes, with AMX concentration drops to 40BM (1.5 mg %) after 120 min with
DSA anode and disappeared from the solution afemin with Pt anode, due to smaller
guantity of M{OH) generated at their surfaces and high chemisoraifogeneratedOH to

anode surface.
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Figure 3-4 — Effect of applied current: (-m-) 10 mA (-e-) 30 mA, (-A-) 60 mA and (-¥-) 120 mA
on AMX concentration decay vs. electrolysis time for the electrooxidation treatment of 0.1 mM

AMX in 0.05 M Na,S0O, using (a) Ti;O; and (b) BDD anode and CF cathode.

In all case, the oxidation of AMX by MQH) was fitted with pseudo first-order kinetic
reaction assuming a quasi-stationary state fo6OM] concentration, since it is very reactive and
cannot be accumulated in the medium. This impliet & constant concentration of ‘®H)
always reacts with AMX [61]. The analysis of thetgl using linear regression yielded apparent
rate constant kpamx) values that are summarized in Table ,3wlith excellent linear
correlations (R~ 0.99). As shown in Table 3-1, theop,avx values gradually increases as the
current raises from 10 to 120 mA with bothy@4 and BDD anodes. It is worthy to note that
Kapp,amx Values for both anodes are relatively close withhdly better values for O, anode at

60 and 120 mA.

The influence of AMX concentration (0.05, 0.1 an@ 6hM) on its degradation kinetic,
studied at applied current of 120 mA with bothG7 and BDD anodes shows that AMX was
completely removed from the medium after short tebdysis times of 40, 60 and 80 min for
0.05, 0.1 and 0.2 mM concentrations, respectivegmonstrating the high potential of,OF
anode in electrooxidation of organics even at higihcentration level. Theal amx values
(Table 3-1) diminished with increasing of initlMX concentrations from 0.05 to 0.2 mM with
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both anodes. This is logical because under anatogoiperimental conditions, identical
concentration and nature of oxidants, especialljJOM) are generated at the surface of anode.
As such, high ratio of oxidants to AMX is expectadlower initial concentration, suggesting
greater possibility of AMX oxidation that resultedo higher ky, amx values. Additionally, huge
quantity of intermediates by-products is expectetld generated at higher initial concentration,
thus limiting the reaction between AMX moleculesl &('OH) since the latter is a non-selective

radical and will also react with formed intermedmspecies.

Table 3-1- Apparent rate constanti&g, amx) for the electrooxidation of AMX by M(«OH),

assuming pseudo first-order reaction.

kapp’ AMX (m'n_l)

Cell [AMX] (mM) 10 mA 30mA 60mA 120 mA
DSA/CF 0.1 0.02
PU/CF 0.1 0.05
Ti4O4/CF 0.05 0.12
0.1 0.02 0.03 0.07 0.10
0.2 0.05
Ti,07/SS 0.1 0.02 0.03
BDD/CF 0.05 0.10
0.1 0.02 0.03 0.05 0.08
0.2 0.04
BDD/SS 0.1 0.03 0.05

To clarify the contribution of kD, as a weak oxidant to AMX concentration decay with
both TyO; and BDD anodes, experiments were carried out placeng CF with stainless steel
as cathode. CF is well known for,® generation potential, whereas stainless steebhasy
limited capacity for HO, generation [62]. Fig. 3-5a and 3-5b shows therdaution of HO; to
the AMX degradation assessed from experiment paddrat 120 mA using J®; and BDD
anodes. It is obvious that the generate®DHcontributes significantly to the decay of AMX

concentration in the treated solution. The decéy o0& AMX tremendously decreased when CF
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was replaced by stainless steel as cathode matedpalever, the decrease in degradation rate
was more slightly pronounced with ;0; when compared with BDD. The generategdOh
contribution is either by direct oxidation as a wexidant or indirectly after its destructive
reaction with M{OH) to generate hydrogen peroxyl radical M#Qeq. 3-5) [63]:

H,0, + BDD(«OH) - BDD(HO}) + H,0 (eq. 3-5)

It must be noted that the oxidation of AMX by eith&f these oxidants (#D, or M(HO,))
mainly leads to the formation of stable intermeshatvith very limited mineralization as it is
explained in section 3.3.2.

@ 0.10+ ®)

[AMX] (mM)

OOO T T T T T I
0 20 40 60
t (min) t (min)

0 20 40 60 80 100 120

S

Figure 3-5 — Contribution of in-situ generated H,0, to the decay of AMX concentration vs time
with stainless steel cathode (-m-) and CF cathode (-e-) for the electrooxidation at 120 mA of

0.1 mM AMX in 0.05 M Na,SO, using (a) Ti;O; and (b) BDD anode.

3.3.2 Mineralization of AMX solution

The potential of T9O; as a suitable anode for electrochemical oxidatbAMX was
assessed by studying the mineralization of 0.1 mMIXA solutions (corresponding to
19.6 mg " initial TOC) at varying applied current from 10 180 mA. Figure 3-6a depicts the

decay of TOC vs electrolysis time at different agblcurrent obtained for the experiments
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performed with TjO; anode. An improved mineralization degree with gsin applied current
and electrolysis time with final TOC removal bei2@%, 33%, 45% and 69% at 10, 30, 60 and
120 mA, respectively, was obtained after 480 mirlettrolysis. This behavior agrees with the
generation of high quantity of M@H) from water oxidation (eq. 3-1), leading to duaxidation

of both AMX and its intermediates as explained ect®n 3.3.1. Relatively low mineralization
was obtained at lower applied current (10 and 30 wohde to lower anodic potentiak (vater
discharge potential) which limits the generation ®I(’OH) [40]. However, improved
mineralization was obtained when applied currerg imareased from 30 to 120 mA. It should be
noted that the partial mineralization of AMX sobirti (69% TOC removal) obtained in this study
is clearly due to relatively low applied currenidied (i.e. < 5 mA ci current density). A much
better mineralization could be achieved at higherent density but may be detrimental to the

stability of the anode.
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Figure 3-6 — Effect of applied current: (-m-) 10 mA (-@-) 30 mA, (-A-) 60 mA and (-¥) 120 mA

on TOC removal (a, b) and mineralization current efficiency(c, d) vs. electrolysis time during the
electrooxidation of 0.1 mM (19.6 mg L™ initial TOC) AMX in 0.05 M Na,SO, using Ti,O, (a, ¢)
and BDD (b, d) anode and carbon-felt cathode.

A comparison study with other anode materials dafljgdDD, was made under same
experimental conditiond € 10 — 120 mA) (Fig. 3-6b), while experiments wperformed at a

fixed current of 120 mA for DSA and Pt anodes. Apexted, BDD anode shows superior TOC
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removal compared to J®; anode, especially at high applied current values§0 and 120 mA)
due to the larger power of BDD for the productionBDD('OH) from the water oxidation
reaction (eq. 3-1). After 480 min of electrolysasmnaximum of 94% TOC removal was achieved
at 120 mA with BDD anode compared to 69% obtairtettieéa same current with 07 anode. A
much smaller TOC removal of 36% and 41% was obthwigh DSA and Pt anode, respectively,

demonstrating that these latter anodes have limii@éralization ability for organic pollutants.

Further, increase in applied current from 30 ton®@ causes a faster TOC decay with
BDD (Fig. 3-6b) compared to #0; anode (Fig. 3-6a), indicating the high potent oflBfr the
production of BDD{OH) at higher currents. However, increased apptigdent from 60 to 120
mA shows marginal TOC removal (Fig. 3-6b) compaeedgignificant increment obtained with
Ti,O7 anode (Fig. 3-6a). The decrease in mineralizagifiniency observed with BDD anode at
higher applied current can be related to the gHladwoaeleration of parallel non-oxidative
reactions consuming hydroxyl radicals, mainly teeombination reactions &DD('OH) (eq. 3-
6 and 3-7) when they are generated at high corateniron the anode surface, in particular, with
relatively lower concentrations of organic mattenis was clearly seen in (Fig. 3-6¢ and 3-6d)
where the decay in MCE between 60 and 120 mA washmignificant with BDD anode (Fig. 3-
6d) compared to TO; anode (Fig. 3-6¢)

2 BDD(OH) — 2 BDD+ 02(g) + 2 H*+ 2 e— (eq. 3-6)
2 BDD(OH) — 2 BDD + H,0, (eq. 3-7)

It should be noted that,®, as an oxidant has minimal contribution to the maheation
of AMX with Ti4O7 anode as shown in Fig. 3-7a, in contrast to oladagxperiments (Fig. 3-
5a). Indeed it can oxidize some easily oxidizablganics but cannot mineralize hardly
oxidizable reaction intermediates. Other studiegdb] have shown thab-situ generated LD,
has negligible direct effect on the mineralizatafrorganics. In fact, its excessive accumulation
may inhibit organic oxidation via the destructidnTo,O;("OH) in a similar manner to that in eq.
3-5, as it was observed in this study after 240 ofirelectrolysis at 60 mA (Fig. 3-7a). For
instance after 480 min of electrolysis, the mineetion efficiency obtained with and without
H,0O, generation (CF and stainless steel cathodes) #&¥e and 48% respectively, indicating

slight reduction in efficiency with the former.
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The stability of the activity of 10; anode was also assessed by comparing
mineralization experiment after < 25 h and > 200f lusage in electrooxidation process at 60
mA. Almost 17% loss in mineralization efficiency svabserved after 200 h of utilization (Fig.
3-7b), with subsequent studies exhibited no sigaift reduction in mineralization. Such loss in
activity of Ti;O; can be explained either by the formation of paggm layer on the surface of
the anode or partial conversion of;dy at the surface of the anode to less conducting, TiO
which can be removed by “soft” sand blasting of #mde surface or polarity inversion to

partially restore its activity [38].
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Figure 3-7 — (a) Effect of in-situ generated H,O, on the mineralization of 0.1 mM AMX (19.6 mg
L™t TOC) in 0.05 M Na,SO, medium at applied current of 60 mA, (-m-) without H,O, (stainless
steel cathode) and (-®-) with H,O, generation using Ti;,O; anode. (b) Stability of activity of Ti,O,
with usage time for mineralization of 0.1 mM AMX (19.6 mg L™ TOC) in 0.05 M Na,SO, medium

at applied current of 60 mA: (-A-) < 25 h, (-4-) > 200 h of usage.
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3.3.3 Evolution of the oxidation byproducts of AMX and mineralization pathways

The oxidation of an organic compound containingetedtoms on a non-active anode
such as BDD or T0; usually proceeds via the formation of aromaticpbyducts, short-chain
aliphatic carboxylic acids and inorganic ions.slimportant to note that the release of inorganic
ions in the electrolyzed solution is a major signélpollutant mineralization [22,28]. Upon
covalent bonds cleavage of AMX molecules and oxdabf formed lower molecular weight
species, organic N atom was released to the solatnal quantified as NF and NQ~ by ion
chromatography without detecting NQwhile S atom was recovered as,$0n the treated
solutions containing 0.1 mM of AMX (Fig. 3-8a and8B) at 120 mA constant current
electrolysis. The amount of both WHand NQ ions continuously accumulated in treated
solution over 480 min of treatment with eithe;04 or BDD anode as shown in Fig. 3-8a and 3-
8b. Majority of N atom released was detected as NWith significant proportion as NQin
both cases, which could be explained by the pamtidliction of small fraction of the formed
NOs; to NH;" as it has been experimentally confirmed by previstudies [64,66], although
Thiam et al., 2015 [66] did not observe reductibiN®; to NH," on carbon-PTFE air-diffusion
cathode. Similarly, S atom is oxidized and graduaticumulated as SO over the treated time
to reach overall 0.1 mM (100% of initial S) withthoanodes. After 480 min of electrolysis,
0.141 mM NH" and 0.068 mM N@ representing 47 and 22% respectively of the inMiatom
in 0.1 mM AMX solution (0.3 mM N) was found in thimal solution treated with 1O; anode,
whereas 0.186 mM NH (62% of initial N) and 0.086 mM N (29% of initial N) was obtained
with BDD anode, indicating much better mineraliaatwith BDD anode as shown in Fig. 3-6b.
While the organic S was totally recovered as,’S@n the treated solutions, the amount of
inorganic N was far less than the total initial dhtent of 0.1 mM AMX solution (i.e. 69% and
91% for TyO; and BDD anodes respectively).In the case of BDDBdanthe mass balance is
almost complete since the rest of N (9%) is preserdxamic acid that was not mineralized
(remained in the solution after treatment) (FigPl3- In contrast the mass balance for N is
slightly deficient in the case of J0; anode that can be explained by its relatively lowe
mineralization power (24% of N is present in nomemalized oxamic acid) (Fig. 3-9a). The
remaining 7% of non-detected N can be present heraton-identified N-containing organics

remaining in the treated solution judging from thefiles of NH;", NO; and oxamic acid (Fig.
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3-8a and 3-9a) which continuously accumulated watreagn of reaching plateau after 480 min

of treatment or may have been loss as volatile Mgmunds (NOy) [68,69].
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Figure 3-8 — Time-course of the identified inorganic ions: (-m-) NH," (-®-) NO; and (- A-) SO*
during the electrooxidation of 0.1 mM AMX in 0.05 M K,SO, (for NH,") and NaCl (for (SO,*)

analyses during constant current electrolysis at 120 mA using (a) Ti;O; and (b) BDD anode and
CF cathode.

lon-exclusion chromatographs of the treated satugiodifferent electrolysis time showed
the formation of several carboxylic acids such %alio, oxamic, malonic, maleiglyoxylic and
acetic acids from the cleavage of both aromatick reon-aromatics intermediates by-products.
The evolution of these carboxylic acids shown ig. B-9a and 3-9b indicates high accumulation
rate at the early stage of electrolyses, with ®nrthreatment caused decline in their
concentrations especially with BDD anode. In bo#se; oxalic acid reaches the highest
concentration (0.14 mM and 0.08 mM fo, @y and BDD anodes respectively) because it is the
ultimate product of oxidative cleavage of benzemiciety of aromatic intermediates [70,71]
before mineralization. It must be noted that thesigéence of these carboxylic acids after 480
min of electrolysis, specifically with 7©; anode accounts for the large residual TOC (Figa)3-

observed in the treated solution.
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Figure 3-9 — Time-course of the identified short-chain carboxylic acids: (-m-) oxalic; (-@-)
maleic; (- A-) malonic (- ¥ -) oxamic; (- «-) acetic; (-»-) glyoxylic during the electrooxidation of
0.1 mM AMX in 0.05 M Na,SO, solution at 120 mA using (a) Ti,O; and (b) BDD and CF

cathode.

To elucidate the mechanism of AMX mineralizationridg the electrochemical

treatment, the intermediates formed after 60 miele€trolysis of 230 mL solution containing

0.3 mM AMX in 0.05 M NaSQ, at 120 mA were identified by GC-MS. Based on thentified
intermediate products; two oxidation pathways wereposed (Fig. 3-10). The first path) (

involves the cleavage of the peptide bond closguhtmyl group with the formation of 2-amino

(4-hydroxyphenyl) acetic acidA\( m/z = 167.16) and a bicyclical lactamic produBt (n/z =
231.20), with the latter) further oxidized in several steps with the rebeeaENH,” and NQ™ to

form an open-chain structure containing sulfonicugr. The bicyclical lactamic produd) and

its oxidized products observed in this study wdse aeported for photocatalytic oxidation of

AMX [57], which was formed in combination with p-tiyoxybenzoic acid as a result of N-

dealkylation of AMX at the secondary amine groupowdver in the present studies, p-

hydroxybenzoic acid (m/z = 139.06) was a product sobsequent hydroxylation and

dehydrogenation ofA at the primary amino group (release as 4NH followed by
decarboxylation (elimination of C{reaction. Its further hydroxylation and dehydnoggon
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forms characteristic intermediate products, hydnogie (m/z = 110) and benzoquinone (m/z =
108.01), respectively. The second path gtarts with TjO;("OH) attack on the primary amino
group leading to the formation of produ€t(m/z = 366) which subsequently cleavage at both
secondary amine and carbonyl group, forming oxauid, acetamide, p-hydrobenzoic acid, and
a bicyclical lactamic product, that were furtheriddzed in similar manner to those formed in
first path (). The carbonyl intermediates was also reportedb@y. Further TiO;(OH) attack

on acetamide, benzoquinone and sulfonic contaitredtare produces several carboxylic acids
such as oxalic, oxamic, malonic, maleic, glyoxydied acetic acids, that are later oxidized to
CO,, water and inorganic ions [72].
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Figure 3-10 — Proposed reaction mechanism for the total mineralization of AMX by

electrooxidation using Ti,O; anode.
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3.3.5 Evolution of toxicity of AMX solution during electrooxidation treatment

The change in toxicity of 0.1 mM AMX solution ovezlectrolysis time during
electrooxidation treatment with sJ@; anode at 120 mA was investigated by monitoring the
bioluminescence inhibition oY/. fischeri bacteria caused by the presence of AMX and its
oxidation by-products. As depicted in Fig. 3-11e tioluminescence inhibition increases at the
early stages of electrolysis attaining maximum galwf 100%, indicating the formation of
aromatic/cyclic organics as the predominant oxataintermediates which are more toxic than
initial AMX molecule. The maximum inhibition persésl up to 240 min of electrolysis due to
lower mineralization of these intermediates withOFri anode, which is in agreement with the
TOC decay reported in Fig. 3-6a. A sharp drop oluminescence inhibition follows, indicating
drastic decay in toxicity owing to the further dadation of the toxic intermediates into less
toxic compounds [73]. The bioluminescence inhilnitaitained its minimum value after 360 min
of electrolysis, indicating the mineralization/dadation of both AMX and its oxidation reaction
intermediates into less toxic and biodegradabletsiain carboxylic acid.
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Figure 3-11- Toxicity evolution of 0.1 mM AMX solution during electro-oxidation with Ti,O-
anode at 120 mA in terms of Inhibition of luminescence of V. fischeri bacteria after (-m-) 5 min

and (-e-) 15 min exposure time
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3.4 Conclusions
From the above results and discussion, we can tir@following main conclusions:

» TisO7 anode prepared by plasma deposition is an efeeetnode for electrooxidation of
AMX solutions at its natural pH.

* The prepared anode consist only(7 because all the other sub-oxides of Jf@rmed
during the reduction of Ti©@with coke were transformed to ,0; during plasma
deposition.

» Faster degradation and relatively high mineraloratof AMX have been achieved by
electrooxidation with TO; anode compared to DSA and Pt anodes at similar
experimental conditions. However it exhibits relaty lower performances compared to
BDD anode.

e The decay of AMX always follow pseudo-first ordeindétics and the apparent rate
constant (ky, aux) for oxidation of AMX increased with applied cuntgenhanced bin-
situ H,O, generation and diminished with increased initisdXA concentration.

* There is a slight (10%) reduction in the activifytioe prepared 10O; anode after 200 h
of usage, possibly due to passivation.

* The major mineralization end-products after mineagion treatment at 120 mA are
short-chain carboxylic and inorganic ions.

e Both aromatic intermediates and bicyclic lactagioducts of AMX were identified by
GC-MS. Using these data and analysis of releasagjamic ions and carboxylic acid, a
plausible mineralization pathway of AMX with ;03; anode was proposed.

e Initial AMX solution shows relatively high inhibgn to V. fischeri bacteria, which
further increased at the early stage of electraiiod due to formation of cyclic

intermediates but sharply decreased at the laigesif electrolysis.

Since the TjO; is produced mainly from Ti©which is very cheap and highly abundant material,
this anode could be an interesting alternative mdustrial wastewater treatment by
electrooxidation.
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CHAPTER 4

The use of substoichiometric titanium oxide as avoeéterial has not been reported
for EF process. Studies are required to understgritie behavior and performance of this

anode material in comparison with other commergiallailable electrode in EF process.
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Use of Sub-stoichiometric Titanium Oxide as a Ceram Electrode in Anodic
Oxidation and Electro-Fenton Degradation of the Bed-blocker Propranolol:

Degradation Kinetics and Mineralization Pathway

Abstract

Oxidative degradation of aqueous acidic solutiohshe beta-blocker propranolol (PPN)
has been studied by AO and for the first time by fbBcess using sub-stoichiometric
titanium oxide (TiO;) anode elaborated by plasma deposition. The axglaegradation
of the PPN by TjO,('OH) formed at the surface of the;Oy anode andOH generated via
electrochemically assisted Fenton’s reaction wasstigated. Decay of PPN concentration
followed pseudo-first order reaction kinetics wilegradation rates influenced by both
applied current and initial PPN concentration. Hibsolute rate constant of the reaction
between PPN an®H/Ti,O;(OH) was determined by competition kinetics and tbtmbe
(2.99 + 0.02)x 10° L mol” s™. Relatively high mineralization efficiency of PRlution
(82% TOC removal) was achieved by AO withy@ anode at 120 mA after 480 min of
treatment, whereas almost complete mineralizat@8%4 TOC removal) was reached at
similar conditions in EF process. Analogous EFttresnt with DSA anode showed lower
mineralization (89% TOC removal) compared tgOFianode. The initial N content of PPN
was mainly released as NWH with smaller proportion of N©. Aromatic intermediates
such as 1-naphtol; hydroxylated 1-naphtol and piasthacid were identified by both
reversed-phase HPLC and GC-MS analyses. Oxaliani@xanaleic and glycoxylic acids
were the main short-chain carboxylic acid detecBaksed on the identified intermediates,
carboxylic acids and inorganic end-products as &gllTOC removal results, a plausible
reaction sequence for mineralization of PPN by tedgenerated hydroxyl radicals was
proposed.

Keywords: Propranolol; Degradation kinetics; Sub-stoichiomeetitanium oxide; Plasma
deposition; Anodic oxidation; Electro-Fenton; Miakzation
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4.1 Introduction

EAOPs are eco-friendlyYDH-mediated electrochemical treatments in whiclanig
pollutants are non-selectively destroyed ibysitu electrochemically generated hydroxyl
radical {(OH). These radicals are formed either at the arsodiace from water discharge
reaction (eq. 4-1) [1-4], or in the bulk of the id@n via Fenton’s reaction (eq. 4-2)

between externally added catalyst{fF@ndin situ electrogenerated 4@, [5-9].
M(H,0) - M(OH) + H* + e~ (eq. 4-1)
Fe?* + H,0, —» Fe3* +'0OH + OH~ (eq. 4-2)

In the absence of ferrous iron in the solution, precess is called AO. This
process is effective with high,@volution overpotential anodes (M) such as PoxCBDD.
When using cathodes such as CF that promotes gemeod H,O,, it is named AO-HO,
[10-12].

In EF process, homogeneoiBH are generated from electrochemically assisted
Fenton’s reaction (eq. 4-2). The Fenton’s reageatH,O, + F&") is continuously electro-
generated/regenerated in the solution by 2-elecdaction of dissolved oxygen (eq. 4-3)
and 1-electron reduction of ¥gleq. 4-4) formed by Fenton’s reaction, respedivat the

cathode [13-15]. As such only small quantity of ‘Fie required to catalyze the Fenton’s

reaction.
OZ(g) + 2H+ + 2e” - HZOZ (eq 4'3)
Fe3t + e= — Fe?* (eq. 4-4)

Hydroxyl radical is the second strongest oxidarterafluorine with very high
standard redox potentidEY.or0) = 2.80 V/ISHE)[16]. Therefore OH/M('OH) are able to

oxidize organics efficiently, till complete mineizdtion (i.e. transformation to G{(6,17.

EF process is considered more efficient compared@o because oxidation of
organics may occur at the anode surface in additidhe homogeneously generat&iH in

bulk, depending on the nature of anode material {(58-20]. In fact, when a high,@ver
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potential anode such as BDD, doped @D B-PbQ, is used, heterogeneous hydroxyl
radicals (M{OH) are formed at the surface of anode, which Heen found to be more
effective in mineralization of Fe-carboxylic compds formed during the EF process,
which are highly resistant to oxidation by homogareeOH in the bulk[6,21. On the
other hand, the use of “active anode” materialhag&DSA, Pt and carbon based anodes,
usually results in partial mineralization of orgaipollutants due to the limited generation
of M("OH) at these anode surfad@§,23. However, BDD is highly expensive compared to
DSA and carbon based anodes, while the use3-BbQ, poses high risk of lead
contaminationvia chemical leaching and Ti/Sa(ased electrodes has relatively short

service life, even when doped with antimony or weri2,23.

Sub-stoichiometric titanium oxides ceramic elecemdieveloped in late 80’s, could
represent a cost effective and efficient altermatanode materials for electrochemical
wastewater treatment applications due to their @i characteristic and inexpensive
production route [24]. In fact, these electrodes m@latively robust in aggressive media,
exhibit high electrical conductivity at room temaemre and excellent stability with respect
to water oxidation and reduction under anodic (¥ #s SCE) and cathodic (~ — 1.4 %
SCE), swept respectively, especiallydi [25,26]. They are solely prepared from FiO
one of the most abundant feed-stocks available lanep thus they are less expensive
materials compared to BDD, Pt or DSA [24,27],(Fi electrode is a “non-active” electrode
like BDD which generates MDH) via water oxidation (Eq. 4-1) [28,29]. Therefore, the
mineralization of refractory carboxylic acid comypley Ti;O;('OH) is possible when this
electrode is used in EF process. Few studies hepated the potential of this material as
electrode in electrooxidation of organic pollutaj#g,30—32], but it has not been tested in
EF process. This is understandable because EFgsraxearried out at acidic pH (pH~3)
which can be detrimental to the stability of thisaterial. More so, the formation of
yellowish Ti(HO,), complex is paramount at this pH due to partiasaligtion of titanium

oxides, with titanium reacts with,®, and thus inhibiting the Fenton’s reaction (eq)4-2

However, our previous study [33] have shown thaspla deposited J0; is highly
stable and does not form complex withQd at circumneutral pH (5.8) when tested in

anodic oxidation within-situ H,O, generationi(e. AO-H,0,) because of high adhesion of
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the thin coated on the Ti substrate. The high teatpee of the “plasma plume” (10 000 —
15 000 °C)via which TiO7; was deposited ensures deep fusion/penetrationsirtistrate

surface and enhance its sealing and stability.

PPN is one of the common beta adrenergic antagon{bketa-blockers)
pharmaceutical used in treatment of cardiac arrhigh, hypertension, anxiety therapies,
angina, as well as in veterinary medicine; and sones used illegally as doping agent in
many sportg34,35]. It is also among most frequently detected betakdrs in aquatic
environment [36]. The major source of PPN in wastew includes private household,
pharmaceutical plant wastewater, livestock impousmmi® as well as effluents from
hospitals and retirement homes [37]. Natural reatexh paths such as sorption,
biodegradation, hydrolysis and photodegradation ategnuate the concentration of PPN in
aquatic environment, but studies have shown thab# high degree of persistence and
bioaccumulation in water bodies [39,40]. Ecotoxagpyl studies indicate that aquatic
organisms show high sensitivity to PPN [41]. It caffect cardiac rhythm, generate
abnormalities or causes reproductive impairmefisim Japanese medaka (Oryzias latipas)
and had specific toxicity towards plankton and grakyae [42—44]. Additionally, there are
several evidences on the additive effects of PPMiclhw means that even at low
concentration, it might contribute to the globatitopotential of the total compounds in the

aquatic environment [42].

Advanced oxidation processes (AOPs) such as ozonati ozone/Fg [45,46],
pulse and radiolysis [47], ferrate (VI) oxidatiof#8], solar or UV photolysi§9] and solar
or UV TiO, photocatalysig50,51] have been reported to achieve good degradation but
relatively poor mineralization of PPN in agueouduson. On the other hand, better
mineralization of PPN was obtained with EAOPs treatts [17,52].

In this study, we investigated for the first tinree tpotential of T4O; as a suitable
anode in EF degradation of aqueous solutions of BEINg CF cathode. The effect of
applied current and initial concentration on thgrddation rate and mineralization of PPN
solution were carefully studied. Comparative stadiader anodic oxidation and EF using

Ti,O7; and DSA anodes were investigated on both degmadafiPPN and mineralization of
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its aqueous solution. Aromatic intermediates, shbain carboxylic acids as well as
inorganic ions formed during the treatment were edetd and quantified by
chromatographic techniques and based on thesenedgtes and end-products, a plausible

mineralization pathway was proposed.

4.2 Experimental

4.2.1 Chemicals

Analytical grade (>99% purity) propranolol hydroohtde, GeH2iNO,, was
purchased from Aldrich and used without furtherifjzation. Para-hydroxybenzoic acid
(pPHBA) (99.5%), anhydrous sodium sulfate (99%),assetum sulfate (99%) and iron I
sulfate heptahydrate (99.5%) were supplied by AhldriAcros organics and Chimie-Plus.
Methanol (HPLC grade, Aldrich), sulfuric (98%, Asrcorganics), phosphoric (85%,
Aldrich) and acetic acids (glacial p.a., Acros ariga were obtained as reagent grade.
Ammonium oxalate (99%) and sodium nitrate (99.5%revobtained from Merck and
Aldrich. Oxalic, oxamic, glycoxylic, and maleic dsi were analytic grade supplied by
Acros organics, Fluka and Alfa Aesar. All solutionsre prepared with ultra-pure water
obtained from a Millipore Milli-Q system with resigty > 18 MQ cm at 25 °C.

4.2.2 Instruments and analytical procedures

The solution pH was measured with a CyberScan pb0 J81-meter from Eutech
Instruments. Electrolyses were performed with a BigiAM7042-5 triple power supply at
constant current. The decay of dissolved organibarg which is considered as TOC was
used in assessing the mineralization of the PPMtisak. This analytical parameter was
measured with a Shimadzu VCSH TOC analyzer. Repibtlu TOC values with an

accuracy of £ 2% were determined using the nongalslg organic carbon method.
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The TOC data obtained were then used to estimat®éMBE (%) for each treated
solution at a given electrolyses time t (h) usimg following equation [6]:

n F Vg ACTOC) exp

MCE (%) = 432x107 m I t

.100 (eq. 4-5)

whereF is the Faraday constant (96 487 C Mol is the solution volume (LATOC )exp

is the experimental TOC decay (mg'). 4.32x 10’ is a conversion factor (=3,600 s k
12,000 mg of C mot), mis the number of carbon atoms of PPN (16 C at@nd) is the
applied current (A). The number of electrony ¢onsumed per each molecule of PPN was
taken as 84 assuming that PPN completely minedhli#d® CQ and NQ™ as primary and

main inorganic ions (eq. 4-6). The overall reactan be written as follows:
Ci6H2:NO, + 33H0 — 16CQ + NO3 + 87H + 84¢ (eq. 4-6)

The decay kinetics of PPN and the evolution ofrdnaatic intermediates were
followed by reversed-phase HPLC using a Merck Lachliquid chromatograph, equipped
with a L-7100 pump, fitted with a Purospher RP-A8m, 25 cmx 4.6 mm (i.d) column at
40 °C and a L-7455 photodiode array detector sedeat a wavelength of 232 nm. 20 pL
aliquots were injected into the HPLC setup withcistic elution of the column by a
mixture of methanol (pH 3) — water (pH 3) (bothwded by 1 M HPQOy) at 40:60 (v/v) as
the mobile phase at 0.4 mL mirfor PPN decay kinetics, aromatic intermediates ted
determination of the absolute rate constégg)(of oxidation of PPN by hydroxyl radicals.
Short-chain carboxylic acids were identified ancumfified by ion-exclusion HPLC using
1.0 mM HSO, as mobile phase at 0.2 mL miimnd detection wavelength of 210 nm.

The ammonium and nitrate ions released during lierelyses were detected and
quantified by ion chromatography (IC) (Dionex-1@§¥stem coupled with a conductimetric
detector (Dionex- DS6) operating at %5. A cation (lonPat CS12A- Dionex (25 crx 4
mm)) and an anion (lonPa@S14-Dionex (25 cmx 4 mm)) exchanger column were used
for ammonium and nitrate analyses, respectivelybdth cases, 5L samples were
injected into IC. The mobile phase was composed.8f MM NaCO; and 1.7 mM
NaHCQ; at 2.0 mL min', and 9.0 mM HSQ, at 1.0 mL min® for anionic and cationic

column, respectively.
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Aromatic intermediates formed after 20 min of EEatment of 0.3 mM PPN
solution at 60 mA were identified by Thermo ScigatGC-MS analyzer equipped with a
Trace-1300 series GC coupled to an 1SQ-Single Quomde MS operating in electron
impact mode at 70 eV. To obtain samples for GC-Bt§anic components of 10 érof
electrolyzed solution were solvent extracted bycaA$ of ethylacetate (three extractions
with 15 cn? each), followed by drying of the organic fractiover 2 g of MgSQ filtered
and concentrated to a volume of 1°owith a rotary evaporator under vacuum. The samples
were directly analyzed using a TG-5MS 0.25 pm, 80xc0.25 mm (i.d.) column, with a
temperature of 50 °C for 3 min and a temperatumgpraf 10 °C min® up to 250 °C and 4
min hold time. The injector and detector tempeeguvere 200 and 250 °C, respectively,
and helium was used as carrier gas at a flow faleSomL min'. The mass spectra were
identified by Xcalibur data library.

4.2.3 Electrolytic systems

Experiments were performed in a 250 mL undividetindyical glass cell (6 cm
diameter) equipped with two electrodes and vigdsossirred with PTFE magnetic bar
during treatment to ensure homogenization of thietism and mass transport of the
reactants towards the electrodes. Two anode miatenth of 24 crhsurface area: TO; (4
cm x 6 cm thin film plasma deposited on Ti alloy, S&Bubain, France), and commercial
DSA (4 cmx 6 cm mixed metal oxide Ti/Ru@rO,) from Baoji Xinyu GuangJiDian
Limited Liability Company, China) were studied. Tb&thode was a tri-dimensional, large
surface area CF (14 cm5 cmx 0.5 cm, Carbone-Lorraine, France). In all casesanode
was centered in the electrolytic cell and was surded by the cathode, which covered the
inner wall of the cell. The solution was continugusaturated with @ by bubbling
compressed air at atmospheric pressure througtt at fabout 1 L min', starting 10 min
before electrolyses to attain a steady d@ncentration. In-situ production of,®, was
ensured in all the experiments by 2eduction of dissolved £n the solution (eq. 4-3).

109



Ti4O7: A new electrode in electro-Fenton proc«| Chapter 4

For EF experiments, 0.1 mM #dn form of solid FeS@7H,0 was added into the
solution as catalyst. Electrolyses were perforntea@m temperature (23 + ZF with 230
mL synthetic aqueous acidic solutions (pH 3) canitej 0.1 mM of propranolol in 0.05 M
NaSO, as a supporting electrolyte, under the applicabba constant current in the range
of 10 — 120 mA. All experiments were performed uplicate and the medium values (with

standard deviation less than 10%) were used fddibgifigures.

4.3 Results and discussion

4.3.1 Compar ative mineralization of PPN solution by AO and EF processes

The effectiveness of J©; as a suitable ceramic anode was tested in AO &nhd E
processes by electrolyzing a 0.1 mM (19.2 m§ TOC) PPN solution at pH 3. Fig. 4-1
shows the decay of TOC over electrolysis time. Ak experiment performed at 60 mA
with the commercial DSA anode shows poor minerabpaof PPN (curve a) solution,
which only attained 46% TOC removal after 480 mirelectrolysis, whereas study with
Ti,O; anode led to a relatively high mineralization oPNP solution (curve b) with
approximately 72% TOC removal at analogous expeariaieconditions, indicating its
higher oxidation power compared to DSA anode. Asoa-active anode, it has much
greater potential for the generation of large qitiastof M(OH) compared to active anodes
such as DSA [30]. A further increase in appliedrent to 120 mA yielded much better
mineralization with TiO; anode (curve c), attaining 82% TOC removal af@®d #in of
electrolysis. This can be explained by the concamijproduction of greater amount of
Ti4,O;(OH) from water oxidation reaction (eq. 4-1), whicén quickly oxidize both PPN
and its organic intermediates when using a norvacnode [53]. The superiority of EF
process compared to AO can be seen in curve égxperiment performed at 60 mA using
Ti4,O; anode showed an excellent mineralization rate3% 90OC removal) compared to
AO using either TjO; or DSA anode at the same current. The accelefB@d decay
observed in EF process usingdi anode can be explained by the production of higher

amount of homogeneoud®H in the bulk solution from the electrocatalytlgainduced
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Fenton’s reaction (eq. 4-2) in addition to,@ (OH) generated at the 40, surface.

Additionally, the presence 6®H generated in the bulk ensure easy interactibndsn the

PPN molecules and the oxidants, thus minimizing itifeience of mass transport of
pollutant towards anode since the oxidants areymed in the bulk of solution and not
affected by mass transfer to the anode surfaces etdinity as in the case of AO treatment
[18,52,54]. Further comprehensive studies withOfiand DSA anode were performed
under EF condition since the efficiency of EF pgx@ terms of TOC removal was far

better than AO counterpart.
20
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Figure 4-1— Decay of the TOC vs electrolysis time during the degradation of 0.1 mM PPN
(corresponding to 19.2 mg L™ initial TOC) in 0.05 M Na2SO4 solution at pH 3 by anodic oxidation (a-
c) and electro-Fenton (d) using (a) DSA and (b-d) Ti4O7 anode. Current: (a, b, and d) 60 mA, and (c)

120 mA.

The effect of applied current on the mineralizatwdi®PN during EF treatment with
either TykO; or DSA anode is shown in Fig. 4-2. It was appafeorh Fig. 4-2 that a high
current led to a quicker mineralization of PPN reggss of the anode material used. For
instance after 480 min of electrolysis usingGii anode, the percentage TOC removal
increases from 46% to 83% when the applied cumsastincreased from 10 to 30 mA (Fig.

4-2a). Almost complete mineralization (~ 93% TOGnowal) was obtained when the
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current was raised to 60 mA, indicating the potdrdf EF for complete decontamination
of PPN solution. The increase in applied curremebrates the formation of J0;(OH)
(eq. 4-1) and ensures faster electrogeneration,0 eq. 4-3) and regeneration of’fFe
(eq. 4-4) which in turn acceleraté®H production as main oxidant [53,55]. However,
further increase in current to 120 mA showed onbrgmal enhancemeni.é. 96% TOC
removal at 120 mA), suggesting that mass tranggiooxygen and iron ions towards the
cathode determines the oxidation rate at high ouf2]. Comparative studies with DSA
anode shows similar trends (Fig. 4-2b) but withdowineralization rate compared to trial
performed with T4O; anode. For example, after 480 min of electroly§(9C removal of
43, 74, 83 and 89% were obtained for 10, 30, 601 MA respectively. Since similar
amount of homogeneoU®H is expected to be generated from Fenton's ma¢gq. 4-2)

in the bulk solution at analogous conditions, threater TOC removal observed at all
current studied with FO; anode indicates the contribution and effectiverndds,0,("OH)

in mineralizing the by-products compared to D®&{). Fig. 4-2c and 4-2d depicted
corresponding mineralization current efficiency (E)Calculated from eq. 4-5 obtained for
the above trials. For all trials, a progressivé faMCE with time and applied current was
observed for both TO; and DSA anodes, indicating a gradual loss of thidadion ability

of the EF process. This phenomenon can be expléipede formation of highly resistant
short-chain organic by-products such as carboxadids that are hardly oxidized and the
depletion in organic matter concentration in treceblytic cell which limit mass transport

and enhance the parasitic reactions [56,57].
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Figure 4-2 — Effect of applied current on the decay of TOC (a, b) and mineralization current efficiency
(MCE) (c, d) vs electrolysis time for the mineralization of 0.1 mM PPN (19.2 mg L™" initial TOC) in
0.05 M Na2S0O4 with 0.1 mM Fe2* at pH 3 using (a, ¢) Ti4O7 and (b, d) DSA anodes at applied current

of (m) 10 mA, (®) 30 mA, (A ) 60 mA, and (¥ ) 120 mA.

Fig. 4-3 shows the influence of initial concenwation PPN mineralization studied

at 60 mA for 0.05, 0.1 and 0.2 mM PPN solutionsngsi4uO; anode. Almost similar

mineralization rates were observed at lower PPN eotnations (0.05 and 0.1 mM) (Fig. 4-
3a), whereas the rate slightly diminishes at highcentration (0.2 mM) even though larger

amount of TOC (~34 mgT) was removed as shown in the inset panel (Fig)4Rais
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implies that EF with TjO; anode can be effectively used even for high omaonntent
wastewater. It must be noted that at higher patluteoncentration, there is limited
enhancement of parasitic reactions which usualhsomesOH because the larger number
of organic molecules that are available ensure mam interaction with the oxidizing
species. For this reason, a more efficient proisegsually obtained when treating solutions
with higher amount of organic pollutants as depmidby the calculated MCE (Fig. 4-3b)
[52].
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Figure 4-3 — Effect of initial PPN concentration on the decay of TOC (a) and mineralization current
efficiency (MCE) (b) vs electrolysis time for the mineralization of PPN in 0.05 M Na2SO4 with 0.1 mM
Fe2* using TisO7 anode and applied current of 60 mA; (m) 0.05 mM (9.6 mg L™ TOC), (@) 0.1 mM
(19.2mg L' TOC), and (A ) 0.2 mM (38.4 mg L™ TOC).

4.3.2 Degradation kinetics of PPN

The decay of the PPN concentration over electrslysne studied at different
conditions was followed by reversed phase HPLC,ciwhdisplayed a well-defined

symmetric peak corresponding to PPNrat 9.5 min. Fig. 4-4 shows the effect of some
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operation parameters on the PPN concentration dduapg electrochemical treatment
using CF cathode and either,@y or DSA anode. Firstly, the effect of type of apgli
EAOPs {.e. AO-H,0, vs EF) was assessed by electrolyzing 0.1 mM (29.6Lity PPN
solution containing 0.05 M N&Q; at pH 3without F& (AO — H,0,) or with 0.1 mM F&"
as catalyst (EF) using 40; anode at 60 mA. As shown in Fig. 4-4a, a slow gegdPPN
concentration was observed in AQ®4 with total destruction of PPN achieved after 60
min of electrolysis, whereas much quicker degradatate was obtained in EF process
with just 10 min required for total disappearant®BN. As explained in section 4.3.1, the
concurrent generation @H both at the surface of 707 anode and in bulk ensures faster
degradation in EF process compared to A{@Hwhere the oxidant is only generated and

confined at the anode surface.
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Figure 4-4 — (a) Decay of PPN concentration vs electrolysis time for the treatment of 0.1 mM PPN at
60 mA and pH 3 using Ti4sO7 anode, (m) EF and (e) AO-H20; (b, c) effect of current and (d) effect of
initial PPN concentration on the decay of PPN concentration vs electrolysis time for the EF treatment
at pH 3 using (b) TisO7, (c) DSA anodes at initial concentration of 0.1 mM and applied current of (m)
10 mA, (@) 30 mA, (A ) 60 mA, and (V¥ ) 120 mA; and (d) TisO7 anode at applied current of 60 mA
and initial concentration of (¢) 0.05 mM, (<€) 0.1 mMand (» ) 0.2 mM.
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The influence of applied current on the degradatib@.1 mM PPN solution by EF
process is shown in Fig. 4-4b and 4-4c faiOFiand DSA anodes respectively. Oxidative
degradation kinetics of PPN is significantly enrethdy increasing the applied current
from 10 mA to 120 mA and a shorter time was reglii@ the complete destruction of
PPN at high current in all treatment as expectednfithe accelerating rate of water
oxidation and Fenton’s reactions (eq. 4-1 and 4¢®nerating greater quantities of
Ti4,O;("OH) and’OH. Almost similar electrolysis time of 60, 20, ah@ min was required
for complete oxidation of PPN when working at 10,éhd 60 mA for treatment with both
Ti;O; and DSA anodes. However, oxidation of PPN washsligfaster with TiO;
compared with DSA anode at 120 mA with total PPBadpearance attained after 6 and 8
min respectively for TiO; and DSA anodes. This implies that the oxidatiofPBN in EF
process was predominantly by homogeneously gemki@te in the bulk (eq. 4-2), which
results in similar decay rate observed with botbdas at lower applied current because at
analogous conditions similar quantity ‘@H is generated in EF process regardless of the
anode materials used as stated in section 4.3rfthefuat high applied current values, the
rise in current did not yield proportional increaselegradation rate. This can be explained
by the progressive enhancement of parasitic reatitke H evolution at the cathode,
H,O, decomposition and MDH) self-destruction at the ano@,58], which reduces the

oxidation rate during the treatment.

Fig. 4-4d shows the effect of initial concentration PPN decay assessed by
electrolyzing 0.05, 0.1 and 0.2 mM PPN solution6@mA using EF process with 0.1 mM
Fe* and TiO; anode. A faster degradation was obtained for téatrnent of 0.05 mM
(14.8 mg LY, with complete disappearance after just 6 mingamd to 10 min required
for 0.1 mM. In contrast, a longer time (20 min) waquired for higher concentration of 0.2
mM (59.2 mg LY, indicating reduction in degradation rate at leigboncentration. This is
expected since similar quantity of oxidants areegated in all cases and the oxidants
interact with more PPN molecules as well as itsegated organic intermediates at higher

initial concentration due to non-selectivity of hggyl radicals [52].
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For all trials, the oxidation of PPN with hydroxgdicals was fitted by pseudo first-
order kinetics assuming a quasi-stationary statéf concentration.

d[PPN o
= — 2B = kaps,pen['OH][PPN] (eq. 4-7)

The kinetic analysis of the corresponding semidfitlgan plots by linear regression gives
the apparent rate constantspfpey With excellent correlation coefficients {R 0.99),
which is summarized in Table 4-1. As can be se€haible 4-1, thekapp pen Values were
enhanced at high current, lower initial PPN conegiun as well as the presence ofFe
catalyst in the case of EF process. The contributioTi,O;("OH) to the PPN degradation
during EF process is also obvious withh@4 anode, in which thé,y, pen Values are
slightly higher compared to DSA anode for all catrstudied. As mentioned earlier, the
gradual enhancement of parasitic reactions at highgents results in non-proportional

increase in kp penObserved as current increases.
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Table 4-1-Apparent rate constantfp ren) for the electrochemical degradation of PPN

by "OH assuming pseudo first-order reaction.

Electrolytic  [PPN] (mM) [Fe*] (mM) | (MA) Kapp,ppn X 10"
cell

Ti4O//CF 0.5 0.1 60 6.70
0.1 0.1 10 0.60
0.1 0.1 30 1.74
0.1 0.1 60 3.08
0.1 0.1 120 7.76
0.1 - 10 0.07
0.1 - 30 0.21
0.1 - 60 0.36
0.1 - 120 0.65
0.2 0.1 60 2.27

DSA/CF 0.1 0.1 10 0.41
0.1 0.1 30 1.49
0.1 0.1 60 2.93
0.1 0.1 120 7.10

The absolute rate constant for the oxidation of RiNydroxyl radicalskapspen)
was determined by competition kinetics experimgr@gormed at 30 and 60 mA with a
solutions containing equimolar concentrations oNR#d pHBA (0.1 mM) as the standard
competitor. The values dépsppy at 30 and 60 mA were determined to be %98 and
3.01x 10° L mol* s * respectively according to the eq. 4-7, and theameesvalue of 2.98
10° L mol™* s* was obtained. This value is close to the valug8§&. 10° L mol™ s)

recently reported for the reaction of PPN with loydd radicals [52].
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4.3.3 ldentification and evolution of the oxidation by-products

Generally allp-blockers contain two types of reactive sites, the aromatic moiety
and the lateral chain. The reaction betw&H/M('OH) and any member of this group is
initiated by the formation of corresponding aromajroup with the release of the lateral
chain. PPN degradation was not an exception cas¢hancleavage of the C-O bond of the
molecule yields 1-naphtol which further oxidizedptathalic acid [17]. The reversed-phase
HPLC analysis of electrolyzed solutions using samitondition reported for Fig. 4-3b
shows two peaks at 6.3 and 14.4 min that is rel@t@domatic byproducts and suspected to
be phthalic acid and 1-naphtol based on previoudiest [17]. Both intermediate products
were unequivocally confirmed using photodiode arrdgtector by measuring and
comparing their retention times and UV-vis speetritn those of corresponding standard
compounds. Fig. 4-5 shows the time course of the lyproducts obtained at applied
current between 10 — 120 mA. In all cases, a tygiceumulation — destruction profile was
obtained thanks to greater formation of the intetiaies from PPN degradation at the early
stages, followed by predominant oxidation WH/Ti,O;('OH) in the later stages. As
reported in the case of PPN, a rapid disappearahbt®th by-products was achieved at
higher current. For instance, phthalic acid waalkptdestroyed after 20, 8 and 6 min (Fig.
4-5a), whereas 1-naphtol destruction requires]jQs8 and 4 min (Fig. 4-5b) at 30, 60 and
120 mA, respectively. Maximum concentration of 088%l 0.25 mg I* were attained for
phthalic acid and 1-naphtol at 10 and 120 mA, retpsly.
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Figure 4-5 — Time course of the concentration of main aromatic intermediates: (a) phthalic acid and
(b) 1-naphthol accumulated during the EF treatment with Ti4O7 anode of 0.1 mM PPN in 0.05 M
Na2SO4 with 0.1 mM Fe2* at pH 3 and applied current of (m) 10 mA, (®) 30 mA, (A ) 60 mA, and (V)
120 mA.

The oxidative cleavage of the aromatic/cyclic imediates as well as the oxidation
of aliphatic intermediates witt©H/Ti,O;('OH) leads to the formation of short-chain (C-4)
carboxylic acids, which are less easily reactive account for the residual TOC during the
treatment [56,59,60]. Analysis of an electrolyzed <M PPN solution under the
conditions of Fig. 4-3b and 4-3c, at 60 mA with-exclusion HPLC gives chromatograms
that displayed four well defined peaks correspogdiao oxalic, oxamic, maleic and
glycoxylic acid at retention time of 8.69, 12.98.80 and 17.02 min, respectively. Their
evolution during EF treatment with both anodes wn in Fig. 4-6. A typical
accumulation — destruction cycle was observed ih lbases, with their formation started
right from the beginning of electrolysis. The comication profiles and maximum values
were quite similar for both anodes, but a sloweagrdéation was observed with DSA (Fig.
4-6a), confirming the earlier-mentioned lower oxida ability of this anode compared to

Ti,O; anode. While the cleavage of cyclic intermediatesy lead to the formation of
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oxalic, glycoxylic and maleic acids, oxamic acichdze formed from the oxidation of the
lateral chain of the propranolol [17,56].
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Figure 4-6 — Time course of the concentration of the short-chain carboxylic acids: (m) oxalic,
(®) oxamic, (A ) glycoxylic, and (¥ ) maleic acids accumulated during the treatment of 0.1 mM PPN
in 0.05 M Na2SO4 with 0.1 mM Fe2* at pH 3 and applied current of 60 mA using (a) Ti4O7 and (b)
DSA anodes.

The initial nitrogen content of PPN released in theated solution in form of
inorganic ions such as NH NO, and NQ, was analyzed and quantified by ion
chromatography. No NO was detected. The evolution of NHand NQ" in the treated
solutions containing 0.1 mM PPN (0.1 mM initial &)60 mA with TiO; and DSA anodes
is shown in Fig. 4-7. As can be seen in this figtine initial N is predominantly recovered
as NH' in the solution, which gradually and continuousigcumulated during the
electrolysis because the N-heteroatom was locatedei lateral chain which is less easily
oxidized. Appreciable amount of NOions were formed in treatment with,O7, whereas
only marginal quantity was recovered in the treatnveith DSA anode. The high amount
of NH4" is probably due to the reduction of Bt the large surface carbon-felt cathode.
After 480 min of electrolysis, 0.066 mM NH(66% of initial N) and 0.026 mM N©
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(26% of initial N) was obtained with J0; anode, whereas 0.062 mM WH62% of initial

N) and 0.019 mM N@ (19% of initial N) was released in treatment WitBA anode. The
higher content of inorganic ions (92%) observedhwii;O; compared to 81% obtained
with DSA anode is in agreement with superior mifieasion potential of the former anode
as reported in Fig. 4-2. It must be noted that,ttlial nitrogenous inorganic ions released
into the solution after 480 min of electrolysi®(92% and 81% for 10;and DSA anodes,
respectively) is less than 100%, indicating thespnee of N-derivative organics remaining
in the solution, especially oxamic acid with thencentration of 0.006 mM (6% N) and
0.014 mM (14% N) for TWO; and DSA anode, respectively, as shown in Fig. 4 4-
6b. This implies that small fraction of initial N2 @and 5% for T4O; and DSA anodes,

respectively) may have been lost as volatii©Nduring treatment [18,22].
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Figure 4-7- Time-course of concentration of nitrogenated inorganic ions: (m) NH;" and @) NOs™

, during the treatment of 0.1 mM PPN in 0.05 M Na2SQ4 (K2SO4 for NH4*) with 0.1 mM Fe2* at pH 3
and applied current of 60 mA using (a) Ti4O7 and (b) DSA anodes.
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4.3.4 Reaction sequence for PPN mineralization

A plausible reaction sequence for the oxidatioP®N by OH/Ti;O; (OH) was
proposed based on the identified intermediate ptsdobtained with the help of GC-MS,
HPLC and IC analyses. Two reaction pathways werpgsed as seen in Fig. 4-8. The first
path (1) involves O-dealkylation by C-O bond clep/doetween naphthalene ring and
lateral chain with the formation of 1-naphtol angldioxylated amine, which further
undergoes OH/Ti;O;(OH) attack at the secondary amine group to yiektegol and
propylamine. Acetone was formed from the hydroxglatof isopropylamine with the
release of N&f. The second pathway started WH/Ti;O,(OH) attack at the secondary
amine group, leading to the formation of di-hydroxgropoxyl naphthaleneand
propylamine which subsequently yielded acetoneywydxylation. Further O-dealkylation
between the naphthalene ring and di-hydroxyl prgpteads to the formation of 1-naphtol
and glycerol. The 1-naphtol formeda both pathways is a characteristic intermediate
product of PPN oxidation [17] and undergoes hydiaiyn to form hydroxylated
naphthol. This was followed by oxidative ring op®ni reaction, and further
decarboxylation to fornp-hydroxy di-ketone. Further hydroxylation of thisnapound at
its both ketone functional groups yielded anothearacteristic oxidation product of PPN,
phthalic acid [17]. Subsequer®H/Ti;O,(OH) attack on phthalic acid, glycerol and
acetone lead to the formation of short-chain cayboxacid such as oxalic, glycoxylic,

maleic and oxamic acids that are later oxidize@@ with the release of #and NH,".
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Figure 4-8 — Proposed reaction sequence for complete mineralization of PPN by EF process

assuming *OH as the main oxidizing agent.
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4.4 Conclusions

Plasma deposited J0; ceramic electrode was studied as a suitable astt co
effective anode material for electrochemical degtiath of aqueous solutions of PPN at
acidic pH. Efficient degradation and mineralizat@PPN was achieved with ;s03; anode
and CF cathode under AO and EF processes. Commava® and EF studies with DSA
anode showed lower mineralization compared tgO7i suggesting significantly high
oxidation ability of TiO;('OH) than DSA(OH). The PPN concentration decay followed
pseudo-first order reaction kinetics and the apgarate constant increased with applied
current but decreased with PPN concentration. Tselate rate constant for the reaction
between hydroxyl radicals and PPN was determing@.88 + 0.02)x 10° L mol™* s* by
using the competition kinetics method with-HBA as the standard competitor.
Characteristic aromatic intermediates of PPN oxtesuch as 1-naphthol; hydroxylated 1-
naphthol and phthalic acid were detected and dfisthtiGenerated carboxylic acids such
as oxalic, oxamic and glycoxylic were detected day-éxclusion HPLC as final oxidation
products that were further oxidized to £@he initial N was mainly released as NHbn,
along with relatively small proportion of NOas measured by ionic chromatography. A
plausible reaction sequence for the mineralizatib®PN was proposed based on all the
detected intermediates and assumif@H as main oxidants. Finally, this study has
demonstrated that J; is a very promising electrode for electrochemioahtment of PPN

solutions by electrochemical advanced oxidatiorcgsses.
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CHAPTER 5

Narrow pH window and reusability of the catalystshdeen major challenges of
traditional/homogeneous EF process. Heterogeneduspiacess using solid Fe-containing
catalysts has been developed to overcome thesderuhed. Several Fe-containing natural
minerals, Fe- modified carbonaceous cathode amditian metal — carbon aerogel have been
investigated as suitable catalysts in heterogenE&u$ut no studies available on use of layered

double hydroxide.
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Hierarchical CoFe-Layered Double Hydroxide Modified Carbon-felt Cathode: Synthesis,
Characterization and Application in Heterogeneous Eectro-Fenton Degradation of

Organic Pollutants at circumneutral pH

ABSTRACT

Hierarchical CoFe-Layered Double Hydroxide (CoFer)Rvas grown on carbon felt (CF) as
heterogeneous catalyst bysitu solvothermal growth. The CoFe-LDH/CF serves abaxd
as well as F& (catalyst) source in EF process. A combined strattand electrochemical
characterization revealed highly ordered and wejstallized CoFe-LDH anisotropically
grown on CF substrate with highly dense urchin-lgteuctures that were highly stable at
circumneutral pH. EF experiments with CoFe-LDH/CRthode showed excellent
mineralization of Acid Orange Il (AO7) over a wigel range (2 — 7.1). The mineralization of
AO7 with CoFe-LDH/CF was by both homogeneous amfasad catalyzed process at low
acidic pH, whereas only surface catalyzed processre at circumneutral pH due to stability
of the LDH as well as precipitation of the catalysigher mineralization was achieved with
CoFe-LDH/CF compared to homogeneous EF with rawu§lfg F&"/Cc®* catalyst at all pH
studied and the TOC removal with CoFe-LDH/CF cathedhs at least 1.7 and 3.5 times
higher than homogeneous system witff'f20?* at pH 5.83 and 7.1 respectively. The
enhanced performance observed with CoFe-LDH/CF asa&sibed to (i) surface-catalyzed
reaction occurring at the surface of the cathodehvhan expand the working pH window
and avoiding the precipitation of iron sludge as ipereases, (ii) enhanced generation of
H,0O, due to improved electroactive surface area ofcttbode and (iii) co-catalyst effect of
the C8" in the LDH that can promote regeneration and amftit production of F& and
hydroxyl radical, respectively. The CoFe-LDH/CF hmade exhibited relatively good
reusability as the TOC removal after 2 h was stibve 50% after 8 cycles of degradation,
indicating that the prepared CoFe-LDH/CF is a psing cathode for the removal of organic

pollutants by EF technology.
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Keywords: Layered double hydroxide, Carbon felt, Heterogeseoatalyst, Solvothermal

growth, Electro-Fenton, Hydroxyl radicals
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5.1 Introduction

EF is an eco-friendly EAOP based on classical Feéateeaction chemistry in which
organic contaminants are destroyedilngitu homogenously generated hydroxyl radic@lH)
from the Fenton’s reaction (eq. 5-1) betweefi e and hydrogen peroxide £6,)[1-4].

Fe?* + H,0, + Ht - Fe3* +'OH + H,O (eq. 5-1)

Thein-situ production of HO, by 2e reduction of dissolved oxygen (eq. 5-2) at thdxadé has
great influence on the efficiency of the EF procasd the production rate depends on the nature
of cathode materials [5-7].

0, + 2H* + 2e~ - H,0, (eq. 5-2)

An interesting characteristic of EF process is thaly catalytic quantity of P& is required
because it can be regenerated at the cathode bgdaction of F& (eq. 5-3) formed from
Fenton's reaction (eq. 5-1) [1,8-10].

Fe3t + e= - Fe?? (eq. 5-3)

The in situ electrogeneration of,®, (eq. 5-2) and the electro-regeneration of' Feom Fe*

allow continuous formation 60OH that is able to destroy any organic pollutant I1.

The major challenges of homogeneous EF with Bee the narrow working pH window
and non-reusability of the catalyst in several rilr&s-14]. Optimization of the quantity of ¥ds
another problem because excessive quantities dfiffeéhe solution may promote the wasting
reaction (eq. 5-4) that consumes the generdd¢ti thus reduce the efficiency of the process
[15,16].

Fe?t + 'OH - Fe3* + OH™ (eq. 5-4)

To avoid these problems, heterogeneous EF witltoR&aining solid catalyst or modified
electrodes has been developed for the effectivéatioin of organic pollutants over a wide range
of pH with excellent stability and reusability diet catalyst. Heterogeneous catalyst such as
pyrite [17,18], magnetite [19] goethite [20], Fe/Mraded alginate [21] and Fe-carbon PTFE
[22] have been studied in EF treatment of orgarotiufants. Fe@Fe-oxides functionalized
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cathodic materials such as pyrrhotite grafted oaplgite by conductive silver paste [23],
Fe@FegO; nanowires mixed with carbon nanotubes and fixedP®RE [12], activated carbon-
supported nano-geothite (FeOOH) [20], Fe-modifiectivated carbon [24,25]and Fe-
impregnated carbon-felt [26] electrodes have bemestigated as catalyst source as well as
cathode for EF oxidation at a wider pH range. Régekerrite-carbon [14], FeCuC [27] and
Fe;04-C [28,29] aerogel have be synthesized in either pot or more complex method and
studied as efficient cathode materials to enhamtectro-Fenton reactivity at acidic and neutral

pHSs.

The development of new electrodes that incorporatestrochemically active second
phase containing transition metal oxides/hydroxictested on carbon based matrixes for pseudo-
capacitors used in energy conversion/storage de\i®@,31] may be of great application in
Fenton based EAOPs. The transition metals in tlbocabased matrix electrode can act as
heterogeneous catalyst which reacts witksitu generated bD, in a Fenton or Fenton-like
reaction. LDHs are anionic clay materials that aomi brucite sheets of metallic cations'(M
and M") octahedrally coordinated by hydroxyl groups, forgnM"(OH)¢/M" (OH)s octahedral
with charge-compensating anions positioned witheinterlayer space [32,33]. Transition metal
based LDHs possess tunable compositions and hgpedion of cations in their octahedral
sheets which sometimes gives them astonishingretdemical properties and have found
several applications such as biosensors, alkalewmrglary batteries, supercapacitors and
recently used as electrocatalyst in water splittirglation reaction [34,35]. These properties can
also be harnessed for electrochemical wastewaaintient; with the transition metals catalyzed
the process in a heterogeneous EF process. Thibiptyssf using other transition metals such
as copper, cobalt, and manganese [36—38] that heem tested as co-Fenton catalyst with Fe to
improve the efficiency of EF process will be an edicadvantage of using LDH incorporated
carbon based matrix cathode.

Additionally, the modification of carbon based matelectrodes with LDH may also
enhance the generation 06®$ due to increased electroactive surface area [8Y%act, Le et
al.[40] have shown that graphene modified carboneaihode achieved better mineralization of
azo-dye Acid Orang Il (AO7) compared to raw carlieib-due to the increase in electroactive

surface area, which in turn enharicesitu generation of bD,. Therefore, this present study
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investigates for the first time, the use of hiehégcal CoFe-LDH grown on carbon-felt cathode
for efficient degradation and mineralization of adual organic pollutant. The modified cathode
was prepared byn-situ solvothermal process. The structural and electwoutal properties of
the prepared cathode were examined by XRD, SEM-BPMR, XPS and cyclic voltammetry
and electrochemical impedance spectroscopy. AO7¢ommon azo-dye found in high
concentration in wastewater and effluent dischdrge textile industries [41,42] was used as
model pollutant. Besides, the influence of hydratied treatment parameters such as
temperature, initial concentration of growth salatiand treatment time on the performance of
the prepared cathode was extensively studied. NMoportantly, the mineralization of AO7
solution by heterogeneous EF over a wide pH rasgedal as the leaching of the Co/Fe in the
treated solution was systematically examined. Fongarison, analogous studies were made
with raw CF using externally added 0.2 mM&eCd* or CE*/Fé* (1:1 and 2:1) as this value
was reported in literature as the optimum concéntraf Fé* for EF process [43]

5.2 Experimental Procedures
5.2.1 Reagents and Materials

Carbon felt was obtained from Alfa Aesar. Cobahittate tetrahydrate, Co(N®.4H,O (>
99% purity); iron Il nitrate nonahydrate, Fe(B)e9H,O (98% purity); iron Il sulfate
heptahydrate, FeSGH,O (> 99% purity); urea, CO(NhHt and ammonium fluoride, NiF
(99% purity) were purchased from Sigma Aldrich arseéd in the synthesis of LDH coated on
the CF without further purification. AO7,16H11N2.NaQyS (Orange 1l sodium salt) and sodium
sulfate, NaS® (anhydrous, 99-100%) were also supplied by Sigrdai¢h. All solutions were
prepared with ultra-pure water obtained from a igdte Mill-Q system with resistivity > 18

MQ cm at room temperature.
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5.2.2 Electrode preparation

The CoFe-LDH modified CF (CoFe-LDH/CF) cathode wpeepared byin-situ
solvothermal process [44,45] in which CoFe-LDH wgaewn on CF substrate. The growth
solution contains Co(N£k.6H,O, Fe(NQ)3.9H,O, NHsF (0.125 M) and CO(NLJ2 (0.5 M)
dissolved in 100 mL of Milli-Q water with molar ratof Co/Fe = 2:11f/n). The homogeneous
solution was vigorously stirred for 30 min beforansferred into a Teflon-lined stainless steel
autoclave. Raw CF substrate (6.0 cm length x 1.Quvaith x 1.27 cm thickness) was pretreated
with concentrated HN®and then washed in turn in ultrasonic bath withocized water,
acetone, ethanol and deionized water for 15 mirn.e@be clean CF was immersed into the
growth solution in Teflon autoclave for hydrothetnigatment at predetermined temperature
and period. Subsequently, both the substrate cositdddLDH and the solid LDH suspension
were separated from the solution, washed extenswih distilled water followed by Milli-Q
water and oven dried at 4Q. The sample used for studying leaching of catalgs reusability
were dried at 8T

5.2.3 Characterization

The surface morphology of the as-prepared cathadeamalyzed by SEM (Hitachi S-4800),
with an accelerating voltage of 10 kV, combinednwi#DX. TEM images were taken with a
PHILLIP-CM 20. XRD were recorded on a BRUKER S5000 diffractometesing Cu-Ku
radiation (0.15418 nm) at 40 kV and 20 mA. FTIRtgat of the powder LDH was performed on
NEXUS FTIR (ThermoFisher). The surface chemistryhedf prepared sample was analyzed by
XPS (ESCALAB 250 Thermal Electron) with K (1486.6 eV). Cyclic voltammetry (CV)
experiments were carried out in solution of 50 mE$O, usingu3AUT70466 Autolab System
(Eco Chemie BV, Netherlands) without external ddditFé" source. A three-electrodes cell
consisting of CoFe-LDH/CF as a working electrodefdd and Saturated Calomel Electrode
(SCE) as a counter and reference electrodes résggctvas used to conduct the CV
experiments. The electrical conductivity of thepgameed cathode was determined by measuring

electrode interfacial-charge transfer resistandaguslectrochemical impedance spectroscope
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(EIS). The EIS was performed at an open circuitag# with voltage amplitude of 10 mV in a
frequency range of 50 kHz to 100 MHz.

5.2.4 EF experiment

The EF experiments were performed in an open,wvdeti cylindrical glass cell of
diameter 4 cm and 300 mL capacity equipped witlg&ize anode, placed in parallel to the
cathode (4.5 cm x 1 cm x 1.27 cm) made of CoFe-lOMHAt a distance of 2 cm. All
experiments with CoFe-LDH/CF cathode were performvétd 150 mL AO7 solutions (0.1 mM)
containing 0.05 M NgO, as supporting electrolyte. The solution was conibtastirred by
PTFE magnetic bar to ensure mass transfer towdrdsetectrodes. Compressed air was
continuously bubbled into the solution at about fin™, starting at 10 min prior to electrolysis

to maintain a stationaryQevel.

5.2.5 Instrument and analytic procedure

All electrolyses experiments were performed witimbalasingle power supply (Lambda
Electronics, USA) at constant applied current & FA. AO7 solution pH was adjusted with 1
M H,SO, or 0.1 mM NaOH and was measured with a pH 209 mtemfrom HANNA
Instruments (Romania). The mineralization of the7Agdlutions was assessed from the decay of
dissolved organic carbon, which can be considesetthe@ TOC for highly water soluble organic
compounds. The TOC of initial and electrolyzed slspvere measured on a Shimadzu TOC-L
CSH/CSN analyzer. Reproducible TOC values with z&9%uracy were obtained using the non-
purgeable organic carbon method. Calibration cufeestotal organic and inorganic carbon
analysis were built up by automatic dilution of r&tards solutions containing potassium
hydrogen phthalate and sodium hydrogen carbonaf€@& and inorganic carbon, respectively.

Percentage of TOC removal was calculated froméddhowing equation:

TOC removal (%) = ~2222 x 100 (eq. 5-5)
0

whereA(TOC)exp is the experimental TOC decay at electrolysis tirfrag LY and TOG is the

corresponding initial value prior to electrolysis.
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The leaching of both Co and Fe from as-preparede@dH/CF cathode into the treated
solution was monitored by Optima 8300 Optical EmissSpectrometer with Inductively
Coupled Plasma (ICP-OES) (Perkin Elmer) at absomptravelength of 230 and 239 nm for Co
and Fe respectively. Standard solutions of diffencentrations were prepared with Perkin
Elmer IV (1000 ppm) by dilution with acidified MHQ water. The organic intermediate formed
after 20 min of electrolysis were identified by GLS.

5.3 Results and Discussion
5.3.1 Preparation of CoFe-LDH/CF e ectrode

CF, a well-known carbonaceous cathode for Fentsrd&AOPS was used as a substrate
for in-situ growth of CoFe-LDH multiwall, which serves as hetgeneous catalyst/co-catalyst
for EF process. The reactions at hydrothermal teatpee mainly involve progressive hydrolysis
of NH4F and decomposition of CO(NH to NH,OH (eq. 5-6 and 5-7). The resulting alkaline
solution induces homogeneous nucleation, cryssim and growth of metallic hydroxides on
the substrate (eq. 5-8) [45,46]:

NH,F + H,0 —» NH} + OH™ + HF (eq. 5-6)
CO(NH,), + 3H,0 + heat - 2NH} + 20H~ + CO, (eq. 5-7)
Co?* + Fe3* + OH™ - CoFe — LDH (eq. 5-8)

The CF immersed in the growth solution acts as bigergy sites for the nucleation and growth

of the LDH on its surface compared to other sitethe growth solution.

5.3.2 Sructural and morphological properties of the CoFe-LDH/CF

SEM image of pretreated CF shows that it is clesithout organic and inorganic
impurities that may have inherited during productjrocess (Fig. 5-1a). After solvothermal

synthesis, there was anisotropic growth of hieiaetfCoFe-LDH onto the CF as shown in Fig.
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5-1b-h, with the density/quantity of coating on til substrate closely related to the
hydrothermal treatment temperature, time and indg@ancentration of the growth solution. In
fact, treatment at 78C and 25:12.5r(n) initial Co**/Fe** concentration yielded a growth of fine
but low dense LDH wall on the CF (Fig. 5-1b), irating only nucleation of the LDH particles
with limited crystal growth. The quantity of CoF®H deposited on the CF at this temperature
was not sufficient enough as it showed little erdegnment of mineralization of organic pollutant
(as demonstrated in section 5.3.4.2). Synthesisraatigher temperature of 80 with similar
concentration for period of 4 h produced a higheynse and extensive growth of LDH on the CF
substrate with formation of few urchin-like strues (Fig. 5-1c). These urchin-like structures
extensively grown and increased in quantity fortlsgais at 9GC but longer period of time (7 h)
(Fig 5-1d). For these synthesis conditions, it barobserved that the CF strands were entirely
coated with CoFe-LDH, which are adhesively graftedthe CF. The magnified image (Fig. 5-
le) revealed that the CoFe-LDH wall and urchindikéructures are distributed across the entire
surface of each CF strand, interconnected with eflcér, highly rough and porous which can
enhance the diffusion of substance within the sdelet. Further increase in hydrothermal
treatment period to 21 h (Fig. 5-1f) as well as gemture (120°C) (Fig. 5-1g) at this
concentration shows little or no change in the rholpgy of the CoFe-LDH coated on CF
substrate. Additionally, as shown in Fig. 5-1h, therease in the initial concentration of the
growth solution (i.e. 50:25) does not enhance thantity of CoFe-LDH deposited on the CF
substrate. The surface compositions of the LDH embdF were analyzed by EDX and the
elemental peaks of C, O, Fe and Co were obtaiméerdstingly, the molar ratio of Co to Fe was
found to be 2.17, consistent with the initial armal molar ratio of M/M" in LDH. Besides,
elemental peak of F was detected, which may beobtiee interlayer anions that neutralized the
excess positive charge of LDH layers. The O peakrates mainly from octahedral -OH and

interlayer water.
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Figure 5-1- SEM images of (a) raw CF, (b) CoFe-LDH/CF —°@for 7 h (c) CoFe-LDH/CF —
90°C for 4 h (d) CoFe-LDH/CF — 9% for 7 h (e) magnified image of (d), (f) CoFe-LOZH —
90°C for 21 h (g) CoFe-LDH/CF — 1€ for 7 h and (h) CoFe-LDH/CF — 9Q for 7 h. Note:
(a-f) — 25:12.5 and (h) — 50: 25 (E4~€*)
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The TEM images (Figure 5-2) of CoFe-LDH depositedGF showed rod-like structures
with average width of 30—-40 nm and lengths up t0 dth. The CoFe-LDH plates were
intercalated with each other to form a hierarchicatwork, which provide both high
specific surface area and fast diffusion of sulistawithin the structure for excellent

electrochemical reactions.

a) i& "“‘
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Figure 5-2- TEM images of CoFe-LDH

The XRD patterns of the CoFe-LDH powder (Fig. 543aper diffractogram) and CoFe-
LDH/CF cathode (Fig. 5-3a, lower diffractogram) wleal characteristic reflections
corresponding to the crystal pland®3), (006), (009), (012), (015), and (18), of a typical
layered hydrotalcite-like phase. A good symmetrys wdbtained in the as-prepared LDH and
LDH/CF as shown by the weak peaks @t=254.% and 57, assigned to1(10) and (L13) crystal
planes[47,48]. The broad peak &t=2 23.4 and 43.7in lower diffractogram of Fig. 5-3a was
characteristic of carbon substrate on which the Liz&$ grown. It is important to note that no
other crystalline phase was detected, indicatieghilgh purity of the LDH phase grown on the
CF substrate. The functional groups present inatiyprepared LDH/CF were examined from
ATR FT-IR spectrum (Fig. 5-3b) of the powder CoH2H.using diamond indenter. The FT-IR
spectrum was recorded in the wavelength range ®£-49000 cni. As could be seen from the
FTIR spectrum, a narrow band observed at aroun® 869" was associated to the stretching
vibration of non-hydrogen bonded-B groups (OH in the brucite sheet). The second band
located at 3470 crhcould be ascribed to the stretching vibration mofieydrogen bonded-O
H groups (interlayer water) in the CoFe-LDH [48,4The bands between 24601900 cm®
were due to diamond indenter of the FT-IR. A smaatborption band located at 1610 twas
assigned to the bending vibration of absorbed wat#ecules onto the CoFe-LDH via hydrogen
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bonding. The strong absorption band at 1420 émcharacteristic of NO stretching mode of
the surface adsorbed and interlayer nitrate speuwibh is predominantly from the starting
reactants in growth solution (i.e. Co(8)@6H,0 and Fe(NG)3.9H,0). Additionally, CQ* may
also be identified as adsorbed or interlayer anamshown by small band at 1050 mvhich
may come from adsorption of G@ither from the atmosphere or during the synthiesia the
decomposition of urea [47]. Other bands observetienower wavelength region (856 and 735
cm ) can be associated with stretching vibration efO# and M-O bondings (M = Co and Fe)
in the brucite sheet of the LDH [50].
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Figure 5-3- (a) XRD pattern of the powder CoFe-LDH (red curve) &ufe-LDH/CF electrode
(black curve), (b) FTIR — spectrum of the powdefr€d.DH and (c)N, adsorption isotherm
CoFe-LDH.

The N, adsorption-desorption result for CoFe-LDH showgaktlV isotherm (Figure 3c)
with hysteresis loop typical of mesoporous matefiake BET surface area was 42.9gn
! and the total pore volume 0.18 tgn'.

The chemical composition and electronic statethatsurface of the as-prepared CoFe-
LDH on CF were analyzed by XPS, as shown in Figa%nd b, the Co 2p core lines split into
Co 2p2 (782.5 eV) and Co 2p (798.2 eV) peaks with the later accompanied batellgée band
at 803.4 eV (Fig. 5-4a), demonstrative of a higmspd' state in the LDH material [48,51].
Similarly, the peaks of Fe gpand Fe 2p, emanates from the splitting of Fe 2p lines arated
at 711.3 and 724.8 eV (Fig. 5-4b) respectively,imga spin energy separation of 13.5 eV [52].
The XPS spectra showed C1s core line at 287.5 eMijrming the existence of carbon (Figure
4c). Existential state of other elements such a® ldnd F in the CoFe-LDH/CF were confirmed

by XPS as shown in Figure 4d.
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Figure 5-4- XPS spectra for (a) Co 2p, (b) Fe 2p of CoFe-LDH/ C1s and (d) existential
state of Co, Fe, C, O and N of CoFe-LDH/CF

5.3.3 Electrochemical behavior of the CoFe-LDH/CF

CV of the CoFe-LDH/CF (25:12.5, 9 and 7 h treatment) in 50 mM &0, aqueous
electrolyte at different pHs were shown in Fig. &-3his study was essential in order to
determine the contribution of the homogeneous Fesitoxidation to the overall mineralization

of the pollutants and the stability of the prepacathode with pH. A slow reversible system at ~
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0.25 Vvs. SCE and ~ 0.56 Ws. SCE during the anodic and cathodic sweeps werlgle
observed at pH 2 and 3, indicating iron reductiod axidation respectively (EéFe?* redox
couple). This implies that Fewas leached into the solution. The peak currestesed with the
decrease of pH, revealing the gradual leachingecdrtl Co into the solution since LDH became
less stable as the solution was becoming morecacitlie presence of Co in the solution could
lead to extra reversible conversion redox procegseseduction of F& by C&* [50]. No redox
peak was observed at pH 5.83, indicating high ktplf the CoFe-LDH coat on CF with

negligible leaching of the metal ions into the siolo.
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Figure 5-5- (a) CVs of CoFe-LDH/CF (synthesized at 8D for 7 h), in 50 mM Ng5Q, at scan
rate 50 mVa: Curves at (a) pH 5.83, (b) pH 3 and (c) pH 2; @ndEIS of raw and CoFe-LDH
modified CF

Generally in EF process, excellent electrochempcaperties (i.e. conductivity) of the
electrode are as essential as the Fenton catabtiiaty. The interface properties and potential of
electron transfer between the electroactive substand the prepared electrode was investigated
by EIS. Fig. 5-5b shows the electrochemical impedapectra of raw and CoFe-LDH modified
CF electrodes. The Nyquist plots presents supprgssemicircle arcs corresponding to the
interfacial charge-transfer resistance(Rith the intercepts on the real axis providesdbwial

value of R; (i.e. the diameter of the semicircle). As can bsean in Fig. 5-5b, There was
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increase of interfacial resistance and in turn,reise of electrical conductivity of the CF
cathode after the modification with CoFe-LDH aswhoby increase of the intercept of the
Nyquist plot. However, the Robtained was 0.97 and 2@ for raw CF and CoFe-LDH/CF
respectively, indicating that the CF still maintiaxcellent conductivity after modified with
CoFe-LDH. The increase in.fof CF from 0.97 to 2.8 after modification with CoFe-LDH was

expected since the LDH coating is non-conductiriglso

5.3.4 Mineralization of AO7 by EF process using CoFe-LDH/CF cathode over wide pH range

The performance of the as-prepared CoFe-LDH/CHR aslitable cathode as well as
catalyst source for heterogeneous EF process walsated by studying the mineralization of
AO7 as a model pollutant at pH 2, 3, 5.83 and Ad.shown in Fig. 5-6a, high level of
mineralization of AO7 was achieved in a wide pHgarfrom 2 to 7.1 in heterogeneous EF
oxidation with CoFe-LDH/CF cathode. For instanc®C removal of 90, 97, 80, and 66% were
obtained at pH 2, 3, 5.83 and 7.1 respectivelygrat h of electrolysis. Based on literature
[12,14], the heterogeneous EF reaction occurs erstiiface of the CoFe LDH catalyst, thus
expanding the working pH range of the EF processawi the precipitation of the Fe/Co sludge.
It is important to note that at lower pH (i.e. pth2d 3) the overall mineralization of the AO7 is
a combination of both heterogeneous oxidation atstirface of the cathode and homogeneous
oxidation in the bulk solution due to the leachifgthe F&'/Co" from the brucite sheet of the
LDH. The ICP analysis of the treated solutions (€&1) after 8 h shows significant leaching
of the F&'/Cd" in the LDH at pH 2 and 3 (Table 5-1), confirmed tharticipation of the
homogeneous EF in the mineralization of the AO#% ToFe-LDH catalyst was highly stable as
the pH increases toward basic region as shown by r€sults (Fig. 5-5a), where the
mineralization was major by heterogeneous EF reaci the surface of the catalyst. This is
apparent from the amount of Fe and Co found irfitta solution, which is less than 0.08 mg L
Lat pH 5.83 and 7.1 during the whole EF process|éTa41). The higher performance observed
at pH 3 compared to pH 2 was primarily due to dbation of homogeneous electro-Fenton’s
reaction since it is optimum at pH ~ 3 [1]. The @&wefficiency of EF at pH < 3 could be

explained by (i) the preferential formation of pesaium ions (HO,") which makes the
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electrogenerated 48, electrophilic and reduces it reactivity towards*’Fat such low pH
[11,43], and (ii) huge quantities of the"H#E€0" leached into the solution at pH 2, which may
provoke wasting reactions (eq. 5-4) that consurhedyenerated hydroxyl radicals.
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Figure 5-6- (a) Effect of initial solution pH on the mineralizatiaf AO7 using CoFe-LDH/CF
synthesized at 9%, for 7 h and 25:12.5 molar concentratias), §H 2, @) pH 3, (A) pH 5.83,

and (V) pH 7.1, (b) Comparison between heterogeneousittFGoFe-LDH/CF cathode and
homogeneous EF with raw CF cathode arfd/Ee?* at different pH(RSD: 2%)

Comparison studies with traditional homogeneouspEfess using 0.2 mM Fe Co’*
or F€'/Co?* (1:1 or 1:2 n/n) and raw CF cathode, showed imfemineralization compared to
heterogeneous EF with CoFe-LDH at all pH studieid.(Bb). There was drastic reduction in
mineralization efficiency in homogeneous EF systasnthe pH increases. After 8 h, TOC
removal of 80% was attained at pH 5.83 in heteregas catalysis with CoFe-LDH/CF cathode,
which is at least 1.7 times that of homogeneoutesysith Fé*/Co** at the same pH. Further
increase in pH to 7.1 causes more drastic reduatiggificiency of homogeneous system with
the TOC removal less than one-third of that of twgeneous system with CoFe-LDH/CF
cathode. This reduction was mainly due td*f@®*" precipitation which reduce the Fenton’s

reaction rate.
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Table 5-1- Concentration of Co and Fe after 8h during EF treatment at different pHs

pH Co (mg L") RSD =1% Fe (mg L") RSD =1%
2 13.69 4.58

3 2.02 0.63

5.83 0.075 0.061

7.1 0.041 0.009

The mineralization of AO7 byOH generated by catalytic activity of CoFe-LDH/CF
cathode proceeds via the formation of several atiofogclic intermediates such as 4-
aminophenol, hydroquinone, 1,4- benzoquinonenaghthaquinone, 4-aminobenzosulphonic
acid, 4-hydroxylbenzosulphonic acid, 2-hydroxy-haphthalenedione and its derivatives, 2-
formyl benzoic acid, and salycilic acid which hazlso been reported by previous studies
[53,54]. Further oxidation of these intermediatgs®H leads to cleavage of their cyclic rings to

form several short-chain carboxylic acids which evater oxidized to Coand HO..

The corresponding AO7 conversion/degradation at $Hor the comparison
studies showed in Figure 5-6b is given in Figuré Slightly faster degradation of AO7
was observed for homogeneous compared to heterogeld- process at the early stage
of treatment as expected because the latter wak thifasion dependent compared to the

former due to prevailing surfaced-catalyzed prot¢leascontrolled the oxidation
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Figure 5-7- Degradation of AO7 at pH Jaf F&*, (¢) Co + Fe (1:1), &) Co + Fe (2:1) ¥)
CoFe-LDH/CF.

5.3.5 Effect of hydrothermal treatment parameters on mineralization of AO7

The influence of hydrothermal treatment parametach as temperature, time and initial
concentration on the mineralization of AO7 solutimas investigated and the results were
presented in Fig. 5-8. Overall, the hydrothermahtment parameters control the loading and the
morphology of the CoFe-LDH wall on the CF substratech in turn affects the mineralization
of AO7 because of difference in quantity of catalysaded on the CF. Among studied
parameters, hydrothermal treatment temperaturghgagreatest effect on the mineralization of
AO7 (Fig. 5-8a) with the highest TOC removal obgairwith CoFe-LDH/CF synthesized at 90
°C. It is important to state that the effect of hyttiermal treatment temperature was investigated
at initial molar concentration of 25:12.5 €#€’") and treatment time of 7 h. The CoFe-
LDH/CF synthesized at AT has lower loading of CoFe-LDH compared to thoggtesized at
90 or 120°C. In fact, the loading of CoFe-LDH was found to840 (+ 0.002), 7.2 (+ 0.3) and
7.0 (+ 0.3) mg cnf for synthesis made at 70, 90 and TP respectively. At 70C, the
decomposition of urea and MHinto aqueous N which initiated the concurrent precipitation
of Cd'/F" hydroxides into LDH, was relatively low. As suatery scanty nuclei of CoFe-LDH
were formed on the CF substrate with limited gro@#ly. 5-1b). Optimum loading obtained at
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90 °C could be attributed to excellent decompositiomath urea and NHF at this temperature
which ensured high alkalinity of the growth soluti@nd in turn efficient nucleation and growth
of CoFe-LDH on the CF substrate as shown in Fifjc 8- Although high loading was expected
at 120°C, but the latter was slightly lower compared te time obtained at 9€. This could be
explained by excessive growth of the LDH partidle® heavy conglomerates which stripped
them off from the substrate surface. After 8 h let&olysis, the TOC removal was 73, 97 and
94% for 70, 90 and 1T, respectively.
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Figure 6-8- Effect of hydrothermal treatment parameters omtireeralization of AO7 at pH 3:
(a) temperatures( 70°C,(®) 90°C and (A) 120°C; (b) time (W) 4 h, ¢#) 7 h, («€) 14 h and

(») 21 h; and (c) initial molar concentration of gtbvgolution (C6":Fe™") (O) 10:5, ()

25:12.5 and{) 50:25 (C&":Fe™). (RSD: 2%)

Similar effect was observed with hydrothermal tneait time and initial concentration
with optimum loading of CoFe-LDH on CF at 7h aniiith molar ratio of 25:12.5 (Cd:Fe™.
Synthesis made at lower and longer treatment thmae # h or initial molar ration other than
25:12.5 (C6":Fe") shows less loading, which in turn reduced theicieficy of the

heterogeneous EF system

5.3.6 Catalyst leaching and reusability of the CoFe-LDH/CF

The leaching of Cband F&' from CoFe-LDH/CF cathode investigated by studyifg
treatment of AO7 at pH 3 was shown in Fig. 5-9aaytic activity and stability are important
features of a good catalyst, which determine itgsability for several cycles [52]. As a
heterogeneous catalyst, metal species leachinggodich to the bulk solution was one key issue,
and must be minimized to limit the contributionlr@fmogeneous EF and enhance the reusability
of the electrode. The concentrations of both Co Badgradually accumulated in the treated
solution with electrolysis time and 0.63 and 2.0¢ It of Fe and Co, respectively, were found
in the final solution after 8 h of electrolysis ¢Fi5-9a). This implies that the mineralization of
the AO7 was mostly due to surface-catalyzed pro@sn at pH 3. The evidence of leaching at
this pH is obvious in the SEM image and XPS analgdithe used CoFe-LDH/CF after 8 h of
electrolysis which indicates significant removal tbe needlelike structure of the LDH and
reduction in XPS spectral of both Co and Fe re$pagt (Fig. 5-10a-c). The stability of the
catalytic activity of prepared CoFe-LDH/CF was ewauach better at circumneutral pH as the
leaching of metal ions from the LDH was less tha#80ng L' during the whole EF process as
shown in Table 5-1.
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Figure 5-9- (a) Evolution of the concentration of Fenton’satgdt/co-catalyst in the treated
solution(RSD: 1%); (m) Co and ¢) Fe and (b) TOC remov#@RSD: 2%) after 2 hvs number of

cycles for the EF treatment using CoFe-LDH/CF sgsithat optimal conditions.

For practical environmental application and scaderausability of the prepared cathode
was studied at pH 3 using CoFe-LDH/CF (80; 7h and 25:12.5) dried at ST after
solvothermal treatment. Preliminary studies (resottreported) showed that drying as-prepared
CoFe-LDH/CF at high temperature after solvothertmnaehtment enhanced the adhesion and
stability of the catalytic activity of CoFe-LDH tilve CF substrate but with slight reduction in
mineralization efficiency of AO7. Indeed 6% and 10&auction in mineralization efficiency
were observed for sample dried at 80 and D@espectively. This is attributed to the gradual
collapse of the porous structure of the LDH intarencompacted and less porous structure which
hindered the diffusion of substance towards andnfibe carbon-felt matrix cathode. The
production of hydrogen peroxide £#6,) and reduction of leached ¥eto Fé" occur in the
matrix of the carbon-felt substrate on which theH.Ivas deposited. As such, compacted LDH
structure reduces the diffusion of substaridee reusability of CoFe-LDH/CF with number of

cycles is shown in Fig. 5-9b. After the first cydteere was sharp reduction in TOC removal
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(11%) largely due to mechanical wearing of the édpoounded CoFe-LDH on CF substrate by
the highly stirred treated solution. The TOC remavas almost stable afterward up till seventh
(7™ cycle with approximately 10% reduction in TOC @l (Fig. 5-9b). Subsequent cycles
showed lower mineralization of AO7 with TOC remow#l50, 43 and 37% for'8 9" and 18
cycle respectively, indicating the depletion of tiealyst (C6 and F&') from the cathode. The
lost in catalyst was due to leaching at lower pldaose LDH are relatively unstable at strong
acidic pH. A much better reusability and stabilgypossible at circumneutral because of limited

leaching of the metal ions from the LDH as expldiearlier (Table 5-1).
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Figure 5-10- (a) SEM image of CoFe-LDH/CF; XPS spectra forQo)2p and (d) Fe 2p
of CoFe-LDH/CF after used in EF degradation of A€®pH 3 for 8 h.

5.3.7 Mechanism of Efficient removal of AO7 with CoFe-LDH/CF cathode in EF oxidation

Previous studies [12,14] have shown that mechanisof Fenton's catalytic
decomposition of kD, by heterogeneous catalyst can be in two ways,ndipg on the working
pH. Under low acidic pH conditions, the processastrolled by redox cycling of B&Fe* in
the solution and surface catalyzed processhglll—OH at the surface of the catalyst, with
the Fe ions in the bulk comes from the dissolubbthe catalyst due to acidic pH. However at
circumneutral pH, the catalysis of the®4 should mainly occur at the catalyst surface with

negligible contribution of dissolved Fe — speciess F&" is insoluble at this pH.

Cathode: Anode: Pt

Figure 5-11 Schematic illustration of AO7 degradation in heggneous EF system with CoFe-
LDH/CF cathode

The mineralization of AO7 by CoFe-LDH/CF cathodesvpeoposed based on these two
mechanisms as shown in Fig. 5-11. FirstlyOHlis electrogeneration by 2eeduction of oxygen
adsorbed onto the surface of CoFe-LDH/CF cathodd,vehen working at lower pH 2 or 3,
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concurrent partial leaching of &&€" occurs. At this pH, both mechanism controls the
oxidation of the organics. In the bulk, the leach is first reduced to Fé by obtaining
electron at the cathode, diffused into the solutimd, in conjunction with C6 catalyzed the
decomposition of kD, to produceOH in Fenton’s (eq. 5-1) and Fenton-like reacti(ats 5-9).
The catalysis of kD, is further accelerated by regeneration of' Feom reduction of F& by

Co?* (eq. 5-10) in the bulk, as previously reportedfomogeneous EF system [36].
Co?* + H,0, + H* - Co3* + 'OH + H,O (eq. 5-9)
Fe3* + Co?t — Fe?* + Co** (eq. 5-10)

The surface catalysis of,8, which occurs at the surface of CoFe-LDH/CF cathaaie
the predominant mechanism of mineralization of A&t7circumneutral pH, also started in
similar manner to homogeneous system with the mtielu of H:O, in the carbon matrix of the
cathode. The production d®H from catalytic decomposition of B, is strongly correlated to
the production rate of #D, and the catalyst properties. The surface-catdlyzechanism for the
production of OH at the surface of CoFe-LDH/CF is proposed dsvol

=Fel!'—OH + e~ —» = Fe!'—OH (eq. 5-11)
= Co'—OH + = Fe!"— OH + - = Co'"'— OH + = Fe!'— OH (eqg. 5-12)
= Fel'/Co"—OH + H,0, < = Fe''/Co"' —OH(H,0,)(s) (eq. 5-13)
= Fe!l/Co! — OH(H,0,)(s) » = Fe!'/Co""— OH(HO3)(s) + H* (eq. 5-14)
= Fe'l/Co'"— OH(HO03)(s) —» = Fe!'/Co"— OH + + HO3 + H* (eq. 5-15)
HO} & H* + 05 (eq. 5-16)
= Fe''/Co""— OH + H,0, — = Fe!''/Co—OH + "OH +OH" (eq. 5-17)
‘OH + AO7— CO, + H,0 (eq. 5-18)
"OH + H0, — HO, + H,0 (eq. 5-19)
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Under circumneutral pH conditions (pH 5.83 and ,7th¢ application of applied current to the
electrolytic cell immediately resulted in generatiof large quantities of ¥, (eq. 5-2), and
=F¢"'—OH in the LDH obtained an electron to partial reeiti to=Fé'—OH (eq. 5-11) [14,20]
or via redox reduction bgCo'—OH (eq. 5-12) in a similar manner obtained in hgemeous
EF system. The generated,®4 is adsorbed onto the surface of alkalesce®é¢'/Cd" to

generate=F€"/Ca"

—OH(H,0,) surface complex as presented in eq. 5-13, whater |
undergoes ground-state electron-transfer to fordrdgen peroxyl radical complex (eq. 5-14).
The generated E&C0'—OH(HO,) at surface of the brucite sheet of the LDH caivated itself
to form Fé/Co'—OH and HQ (eq. 5-15) with the former catalyzes the decomjmsiof the
H,O, generated in the carbon mattix producedOH. The AO7 molecules which are diffused
towards and in the cathode rapidly oxidized by temeratedOH. Two parallel reaction
pathways are possible for the produc®d: (i) direct oxidation of organic pollutants afif)
destructive reaction with #D, to form HQ' (eq. 5-20). However, the high diffusion rate of th
AQ7 to the cathode ensure the direct oxidationti@ads predominant and prevent th@H
quenching, thus improving the mineralization of wdlutant. Obviously, theCo'—OH in the
LDH enhanced the production @H via the Fenton-like reaction and regeneratior@)f—OH

(eq. 5-13).

5.4 Conclusions

This study has investigated a facile and simple-dteps synthesis route to produce
CoFe-LDH on the surface of CF substrate for appboaas suitable cathode as well as
heterogeneous Fenton catalyst source for electnuiché wastewater treatment over a wide
range of pH. The structure, morphology and loadwmghe CoFe-LDH on the CF substrate
largely depended on the hydrothermal treatment ¢éeatpre and time and the best synthesis was

obtained at 96C for 7 h using initial Co/Fe molar concentratiatio of 25:12.5.

The as-deposited CoFe-LDH/CF cathode exhibited pagfiormance catalytic activity in
EF treatment of AO7 over a wide pH range, with sigpeTOC removal at all pH studied

compared to analogous homogeneous treatment withaRel/or C4* using raw CF cathode.
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The TOC removal with CoFe-LDH/CF cathode was astlea7 and 3.5 times higher than
homogeneous system with’#E€0** at pH 5.83 and 7.1 respectively.

The mineralization of AO7 was majorly by surfacedatyzed process at circumneutral
pH, whereas there is significant contribution ofrfageneous EF oxidation when working at low
acidic pH of 3 and 2. At circumneutral pH, the @dEDH was very stable and the quantity of
Fe and Co leached into the solution was negligithles minimized the anxiety of Co toxicity.
Furthermore, the as-prepared CoFe-LDH/CF showeatively good reusability at pH 3 with
more that 50% TOC removal after 8 cycles of 2 httreent. Based on the results obtained in this
work, the CoFe-LDH/CF is a good cathode material dfficient mineralization of organic
pollutants at circumneutral pH.

161



Heterogeneous EF using LDH modified carbon| Chapter 5

Reference

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

E. Brillas, I. Sires, M.A. Oturan, Electro-Femnt process and related electrochemical
technologies based on Fenton’s reaction chemiStrgm. Rev. 109 (2009) 6570—-6631.
J.M. Peralta-Hernandez, Y. Meas-Vong, F.J. Rpgz, T.W. Chapman, M.I. Maldonado,
L.A. Godinez, In situ electrochemical and photcetechemical generation of the fenton
reagent: A potentially important new water treattntthnology, Water Res. 40 (2006)
1754-1762.

M.A. Oturan, J. Peiroten, P. Chartrin, A.J. &chComplete destruction gtnitrophenol in
aqueous medium by electro-Fenton method, Environ.T&chnol. 34 (2000) 3474-3479.
M.A. Oturan, N. Oturan, C. Lahitte, S. Trevi®roduction of hydroxyl radicals by
electrochemically assisted Fenton’s reagent, &tii@nal. Chem. 507 (2001) 96-102.

M.A. Oturan, N. Oturan, M.C. Edelahi, F.l. Panlica, K.E. Kacemi, Oxidative degradation
of herbicide diuron in aqueous medium by Fentoeaction based advanced oxidation
processes, Chem. Eng. J. 171 (2011) 127-135.

l. Sirés, F. Centellas, J.A. Garrido, R.M. Rigdiez, C. Arias, P.-L. Cabot, E. Birillas,
Mineralization of clofibric acid by electrochemicatlvanced oxidation processes using a
boron-doped diamond anode and‘Fend UVA light as catalysts, Appl. Catal. B Environ
72 (2007) 373-381.

A. Ozcan, Y.Sahin, A.S. Koparal, M.A. Oturan, A comparative stuxh the efficiency of
electro-Fenton process in the removal of prophaimfwater, Appl. Catal. B Environ. 89
(2009) 620-626.

M.A. Rodrigo, N. Oturan, M.A. Oturan, Electrommically assisted remediation of
pesticides in soils and water: A Review, Chem. Hév (2014) 8720-8745.

H. Zhang, C. Fei, D. Zhang, F. Tang, Degradatid 4-nitrophenol in agueous medium by
electro-Fenton method, J. Hazard. Mater. 145 (20Q7)-232.

C.A. Martinez-Huitle, M.A. Rodrigo, |. SirésQ. Scialdone, Single and coupled
electrochemical processes and reactors for theemegit of organic water pollutants: A
critical review, Chem. Rev. 115 (2015) 13362-13407.

162



Heterogeneous EF using LDH modified carbon| Chapter 5

[11] M.A. Oturan, J.-J. Aaron, Advanced oxidatiorogesses in water/wastewater treatment:
Principles and applications. A review, Crit. Rewnvifon. Sci. Technol. 44 (2014) 2577—-
2641.

[12] J. Li, Z. Ai, L. Zhang, Design of a neutraleetro-Fenton system with Fe@Bgs/ACF
composite cathode for wastewater treatment, J.rielakéater. 164 (2009) 18-25.

[13] N. Qiao, H. Ma, M. Hu, Design of a neutralébrdimensional electro-Fenton system with
various bentonite-based Fe patrticle electrodesorAparative study, Mater. Res. Innov. 19
(2015) S2-137-S2-141.

[14] Y. Wang, G. Zhao, S. Chai, H. Zhao, Y. Wangyrde-dimensional homogeneous ferrite-
carbon aerogel: One pot fabrication and enhancedrelFenton reactivity, ACS Appl.
Mater. Interfaces. 5 (2013) 842—-852.

[15] A. Dirany, I. Sirés, N. Oturan, M.A. Oturan|eetrochemical abatement of the antibiotic
sulfamethoxazole from water, Chemosphere. 81 (2626)602.

[16] I. Sirés, J.A. Garrido, R.M. Rodriguez, E. IBxg, N. Oturan, M.A. Oturan, Catalytic
behavior of the F&/F€* system in the electro-Fenton degradation of thimécrobial
chlorophene, Appl. Catal. B Environ. 72 (2007) 3824-

[17] N. Barhoumi, L. Labiadh, M.A. Oturan, N. OtataA. Gadri, S. Ammar, E. Brillas,
Electrochemical mineralization of the antibioticvdoxacin by electro-Fenton-pyrite
process, Chemosphere. 141 (2015) 250-257.

[18] L. Labiadh, M.A. Oturan, M. Panizza, N.B. HainhaS. Ammar, Complete removal of
AHPS synthetic dye from water using new electradanoxidation catalyzed by natural
pyrite as heterogeneous catalyst, J. Hazard. M28&r(2015) 34-41.

[19] B. Hou, H. Han, S. Jia, H. Zhuang, P. Xu, Dany, Heterogeneous electro-Fenton
oxidation of catechol catalyzed by nanag®g kinetics with the Fermi’'s equation, J.
Taiwan Inst. Chem. Eng. 56 (2015) 138-147.

[20] G. Zhang, Y. Zhou, F. Yang, FeOOH-CatalyzeddHmyeneous Electro-Fenton System
upon Anthraquinone@Graphene Nanohybrid Cathode iDivaded Electrolytic Cell:
Catholyte-Regulated Catalytic Oxidation Performameel Mechanism, J. Electrochem.
Soc. 162 (2015) H357-H365. doi:10.1149/2.0691506jes

[21] S.B. Hammouda, F. Fourcade, A. Assadi, I. 88utN. adhoum, A. Amrane, L. Monser,

Effective heterogeneous electro-Fenton processther degradation of a malodorous

163



Heterogeneous EF using LDH modified carbon| Chapter 5

compound, indole, using iron loaded alginate besda reusable catalyst, Appl. Catal. B
Environ. 182 (2016) 47-58.

[22] C. Zhang, M. Zhou, G. Ren, X. Yu, L. Ma, J."g F. Yu, Heterogeneous electro-Fenton
using modified iron—carbon as catalyst for 2,4-hiobphenol degradation: Influence
factors, mechanism and degradation pathway, Wader FO (2015) 414—-424.

[23] Y. Li, A. Lu, H. Ding, X. Wang, C. Wang, C. Ag, Y. Yan, Microbial fuel cells using
natural pyrrhotite as the cathodic heterogeneousoRecatalyst towards the degradation of
biorefractory organics in landfill leachate, Eledinem. Commun. 12 (2010) 944-947.

[24] J.A. Banuelos, O. Garcia-Rodriguez, F.J. Ryarr-Valadez, L.A. Godinez,
Electrochemically prepared iron-modified activatadbon electrodes for their application
in electro-Fenton and photoelectro-Fenton procesde&lectrochem. Soc. 162 (2015)
E154-E159.

[25] L. Bounab, O. Iglesias, E. Gonzalez-Romero,Pdzos, M. Angeles Sanroman, Effective
heterogeneous electro-Fenton process of m-cregbl ivan loaded actived carbon, RSC
Adv. 5 (2015) 31049-31056.

[26] S.D. Sklari, K.V. Plakas, P.N. Petsi, V.T. paBs, A.J. Karabelas, Toward the
development of a novel electro-Fenton system foniehting toxic organic substances
from water. Part 2. Preparation, characterizatonl evaluation of iron-impregnated carbon
felts as cathodic electrodes, Ind. Eng. Chem. B&£$2015) 2059-2073.

[27] H. Zhao, L. Qian, X. Guan, D. Wu, G. Zhao, @pnous Bulk FeCuC aerogel with
ultradispersed metal nanopatrticles: An efficient IB&erogeneous electro-Fenton cathode
over a wide range of pH 3-9, Environ. Sci. Techf61(2016) 5225-5233.

[28] Y. Wang, H. Zhao, G. Zhao, Highly ordered n@gsmus FgO,@Carbon embedded
composite: High catalytic activity, wide pH rangedastability for heterogeneous electro-
Fenton, Electroanalysis. 28 (2016) 169-176.

[29] W. Chen, X. Yang, J. Huang, Y. Zhu, Y. Zhou, Yao, C. Li, Iron oxide containing
graphene/carbon nanotube based carbon aerogel efiaent E-Fenton cathode for the
degradation of methyl blue, Electrochimica Actal 2B016) 75-83.

[30] D.G. Evans, R.C.T. Slade, Structural Aspedtcayered Double Hydroxides, in: Springer-
Verlag, Berlin/Heidelberg, 2005.

164



Heterogeneous EF using LDH modified carbon| Chapter 5

[31] X. Long, Z. Wang, S. Xiao, Y. An, S. Yang, f&tion metal based layered double
hydroxides tailored for energy conversion and gfeydater. Today. 19 (2016) 213-226.

[32] Q. Wang, D. O’'Hare, Recent Advances in thetBgsis and Application of Layered Double
Hydroxide (LDH) Nanosheets, Chem. Rev. 112 (2011244-4155.

[33] L. Indira, M. Dixit, P.V. Kamath, Electrosyrehis of layered double hydroxides of nickel
with trivalent cations, J. Power Sources. 52 (19B8H97.

[34] A.M. Fogg, V.M. Green, H.G. Harvey, D. O’Harbew separation science using shape-
selective ion exchange intercalation chemistry, Adater. 11 (1999) 1466—14609.

[35] X. Duan, D.G. Evans, eds. Layered Double Hydtes, Springer-Verlag,
Berlin/Heidelberg, 2006.

[36] M. Pimentel, N. Oturan, M. Dezotti, M.A. Otura Phenol degradation by advanced
electrochemical oxidation process electro-Fentangua carbon felt cathode, Appl. Catal.
B Environ. 83 (2008) 140-149.

[37] R. Salazar, E. Brillas, I. Sirés, Finding thest F&/ClW?* combination for the solar
photoelectro-Fenton treatment of simulated wastem@intaining the industrial textile dye
Disperse Blue 3, Appl. Catal. B Environ. 115-116%2) 107-116.

[38] N. Oturan, M. Zhou, M.A. Oturan, Metomyl dededion by electro-Fenton and electro-
Fenton-like processes: A kinetics study of the afief the nature and concentration of
some transition metal ions as catalyst, J. PhysnCI. 114 (2010) 10605-10611.

[39] L. Zhou, Z. Hu, C. Zhang, Z. Bi, T. Jin, M. @h, Electrogeneration of hydrogen peroxide
for electro-Fenton system by oxygen reduction usthgmically modified graphite felt
cathode, Sep. Purif. Technol. 111 (2013) 131-136.

[40] T.X.H. Le, M. Bechelany, S. Lacour, N. Oturavl,A. Oturan, M. Cretin, High removal
efficiency of dye pollutants by electron-Fenton gass using a graphene based cathode,
Carbon. 94 (2015) 1003-1011.

[41] W. Hajjaji, S.O. Ganiyu, D.M. Tobaldi, S. Arglkovicova, R.C. Pullar, F. Rocha, J.A.
Labrincha, Natural Portuguese clayey materials @edved TiQ-containing composites
used for decolouring methylene blue (MB) and oralid®Il) solutions, Appl. Clay Sci.
83-84 (2013) 91-98.

[42] Y.M. Slokar, A. Majcen Le Marechal, Methodsds#coloration of textile wastewaters, Dyes
Pigments. 37 (1998) 335-356.

165



Heterogeneous EF using LDH modified carbon| Chapter 5

[43] I. Sirés, E. Brillas, M.A. Oturan, M.A. Rodog M. Panizza, Electrochemical advanced
oxidation processes: today and tomorrow. A reviBwyiron. Sci. Pollut. Res. 21 (2014)
8336-8367. doi:10.1007/s11356-014-2783-1.

[44] X. Cal, X. Shen, L. Ma, Z. Ji, C. Xu, A. YuaBplvothermal synthesis of NiCo-layered
double hydroxide nanosheets decorated on RGO shemts high performance
supercapacitor, Chem. Eng. J. 268 (2015) 251-259.

[45] Y. Han, Z.-H. Liu, Z. Yang, Z. Wang, X. Tang@, Wang, L. Fan, K. Ooi, Preparation of
Ni**~Fe** layered double hydroxide material with high criisiay and well-defined
hexagonal shapes, Chem. Mater. 20 (2008) 360—-363.

[46] M. Gong, Y. Li, H. Wang, Y. Liang, J.Z. Wu, 4dhou, J. Wang, T. Regier, F. Wei, H. Dali,
An advanced Ni—Fe layered double hydroxide eleatadgst for water oxidation, J. Am.
Chem. Soc. 135 (2013) 8452—-8455.

[47] Y. Li, L. Zhang, X. Xiang, D. Yan, F. Li, Engeering of ZnCo-layered double hydroxide
nanowalls toward high-efficiency electrochemicaltevaoxidation, J. Mater. Chem. 2
(2014) 13250.

[48] G. Nagaraju, G.S.R. Raju, Y.H. Ko, J.S. YueHdirchical Ni—Co layered double hydroxide
nanosheets entrapped on conductive textile filzecsist-effective and flexible electrode for
high-performance pseudocapacitors, Nanoscale. B5j 281 2—-825.

[49] Y. Tang, Y. Liu, S. Yu, W. Guo, S. Mu, H. Wany. Zhao, L. Hou, Y. Fan, F. Gao,
Template-free hydrothermal synthesis of nickel #obhgdroxide nanoflowers with high
performance for asymmetric supercapacitor, Elebirica Acta. 161 (2015) 279-289.

[50] J. Zhao, J. Chen, S. Xu, M. Shao, D. Yan, MeiVD.G. Evans, X. Duan, CoMn-layered
double hydroxide nanowalls supported on carbonrdider high-performance flexible
energy storage devices, J. Mater. Chem. 1 (2013).88

[51] T.J. Chuang, C.R. Brundle, D.W. Rice, Intetpt®n of the x-ray photoemission spectra of
cobalt oxides and cobalt oxide surfaces, Surf.5r(1976) 413-429.

[52] Q. Wang, S. Tian, J. Long, P. Ning, Use ofIFE&(ll1)-LDHs prepared by co-precipitation
method in a heterogeneous-Fenton process for dagyadof Methylene Blue, Catal.
Today. 224 (2014) 41-48.

[53] A. Ozcan, M.A. Oturan, N. Oturan, %ahin, Removal of Acid Orange 7 from water by
electrochemically generated Fenton’s reagent, datdia Mater. 163 (2009) 1213-1220.

166



Heterogeneous EF using LDH modified carbon| Chapter 5

[54] T.X.H. Le, T.V. Nguyen, Z.A. Yacouba, L. Zouaga, F. Avril, E. Petit, J. Mendret, V.
Bonniol, M. Bechelany, S. Lacour, G. Lesage, M.t@reToxicity removal assessments
related to degradation pathways of azo dyes: Tovaardptimization of Electro-Fenton
treatment, Chemosphere. 161 (2016) 308—-318.

167



CHAPTER 6

General Conclusions and Future Per spectives



General conclusions and future perspec'| Chapter 6

CHAPTER 6

6.1 General conclusions

The environmental and health challenges posed éyille spread of pharmaceuticals
and their active metabolites in aquatic environmdras considerably increased the interest of
researcher in developing effective, efficient, emoical and environmental compatible
technologies for their complete destruction to dvdheir release to the environment.
Electrochemical technologies constitute a respaiesesuch requirements due to the high
efficiency they have shown for the mineralizatioh persistent organic pollutants and their
degradation by-products. This work has investigateel performance of substoichiometric
titanium oxide as a suitable ceramic anode matefival electrochemical degradation of
pharmaceuticals and the use of CoFe-LDH modifietbarafelt cathode in heterogeneous
electro-Fenton mineralization of organic pollutafithe TiLO; electrode was prepared by
reducing commercial stoichiometric Ti© a highly abundant and cheap feedstock, with coke
(carbon) followed by plasma deposition on sandbtasii-alloy substrate. The final electrode
containing mainly T4O7 is firmly coated on Ti substrate as shown by XRid &EM analysis
(Fig. 3 a, and 3b; chapter 3). The performancéefli,O; anode in electrochemical wastewater
was compared with other commercially available tebele such as DSA, Pt and even BDD. On
the other hand, CoFe-LDH was grown by solvothenpnatess on carbon-felt as heterogeneous
catalyst for application in EF at circumneutral fiHovercome the challenges of narrow working
pH window and reusability encounter in traditioeato-Fenton system. The efficiency of the
heterogeneous system was compared with that of gememus system using soluble catalyst

and raw carbon-felt cathode.

6.1.1 Electrooxidation of pharmaceutical residussg sub-stoichiometric titanium oxides

Substoichiometric Ti@ has demonstrated to be a suitable and effectigetretle in
electrooxidation of pharmaceutical AMX as thesed&s have shown (chapter 3). The main

results are listed as follows:
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» excellent degradation and relatively high mineetlan of AMX was obtained
with Ti4,O; anode, with the mineralization much higher comgaceDSA and Pt
anode but inferior to BDD anode

e in-situ generated #D, was found to significantly enhanced the AMX detay
have limited contribution to the mineralizationtbé drug.

» the decay of AMX concentrations always follow psedidst order kinetics with
the apparent rate constanikamx) for oxidation of AMX increased with applied
current; enhanced bin-situ H,O, generation and diminished with increased
initial AMX concentration.

» there is a slight (17%) reduction in the activifytioe prepared 1O; anode after
200 h of usage, possibly due to passivation.

* the major mineralization end-products after minegagion treatment at 120 mA
are short-chain carboxylic and inorganic ions.

« initial AMX solution shows relatively high inhibgn to V. fischeri bacteria,
which further increased at the early stage of edesidation due to formation of

cyclic intermediates but sharply decreased atdter ktage of electrolysis.

Since the T4Oy is produced mainly from Ti©which is very cheap and highly abundant, this

anode could be an interesting alternative in inthlsvastewater treatment by electrooxidation

6.1.2 Substoichiometric titanium oxides as suitableode materials for electro-Fenton

degradation of pharmaceuticals

Electro-Fenton process with 40; anode shows excellent mineralization of
pharmaceutical PPN without the formation of yellshwiTi-H,O, complex, indicating that the
anode is highly stable at acidic pH and is suitdbteEF treatment. Comparative studies with
AO at similar experimental conditions shows low#icency (82% TOC removal) compared to
EF (96% TOC removal) (chapter 4). However, simgaudies (AO and EF) with commercial
DSA anode demonstrated inferior efficiency comparcedi,O; anode, implying high oxidation
ability of Ti;O;("OH) than DSA(OH).
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The PPN concentration decay followed pseudo-firdenkinetics and the apparent rate
constant increased with applied current but deeckagth PPN concentration during both AO
and EF treatment and the absolute rate constarthéoreaction betweei©H and PPN was
determined as (2.99 + 0.0%)10° L mol* s*. The final end products always found in the

treated solution were carboxylic acids and inorgaoms.

6.1.3 Heterogeneous electro-Fenton process — &iezft alternative

Excellent mineralization of azo-dye AO7 has beehie®d over a pH range of 2 — 7.1 with
heterogeneous EF using CoFe-LDH modified carban-dathodes (Chapter 5). Two main
mechanisms of oxidation of the pollutant were obsérdepending on the pH at with the EF is
being carried out. Both E&Fe** cyclic redox homogeneous catalyzed and surfaceyzaid
process occur at pH 2 and 3 and only surface-cadlprocess was prevalent at pH 5.83 and 7.1
(chapter 5). The efficiency of the heterogeneouscgss was found to depend on pH and
hydrothermal treatment parameters — temperatune, @nd concentration (during synthesis). The
efficiency decreased as the pH increases due tonthienal contribution of the homogeneous
catalyzed process, while best mineralization wasinbd with CoFe-LDH/CF synthesized at
90°C, 7 h and 25:12.5 (Co:Fe) initial molar concetira(chapter 5).

Comparative studies with homogeneous EF using won-felt cathode and 0.2 mM
Fe?* and/or C6' showed lower efficiency and the TOC removal byehsgeneous EF was 1.7
and 3.5 times higher than homogeneous system wfthiGe?* at pH 5.83 and 7.1 respectively
(Fig. 5-5b, chapter 5). The CoFe-LDH/CF showedtretty good stability and reusability at pH
3 with mineralization of 61% still achievable af@étcycle.

6.2 Future per spectives
6.2.1 High current density application of plasmaOrielectrode

The TiyO; prepared by plasma deposition was only testedvatcurrent density<( 10

mA cm ) due to fear of delamination of the thin film,Di, form the Ti substrate. Other studies
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that have investigated this class of electrode ve¢se carried out at low current density. For
commercial and industrial applications this eled¢érahould be studied at high applied current
densities ¥ 10 mA cm ?). However, high current density may acceleratefthmation of thin
passivation layer at the surface of the electrdthe passivation layer is form as a result of the
oxidation of ThO; by O,. The mechanism of the formation of the passivalayer has not been
investigated. Further studies are also necessarfintb an economic way to minimize the
passivation of the anode or method of completatyonee the passivation and restore the activity

of the electrode.

6.2.2 Coupling of membrane nanofiltration and EAQBm(g reactive membranes

Although some studies have employed the formabiityTi,O; powder to produce
reactive membranes that is capable of performification and electrochemical degradation
simultaneously under the application of both curremd pressure, but the obtained
mineralization for the model pollutants studiedradatively low. Studies are required to fully
understand the mechanism of the combined proces®lagas enhancing the efficiency of such
process. A highly stable and electrochemicallywaclib,O; membrane necessary for such studies
is feasible plasma process. Beside the reactiy®;Tmembrane has not been test in electro-
Fenton process. Further, pre-pilot scale experingergquired to better understand the combined

process and its adaptability for commercial appilce.

6.2.3 Enhancing the stability of the modified cahand assessing the toxicity of the solution

The stability of the prepared CoFe-LDH/CF cathodean important characteristic
required for the efficiency of the heterogeneouscess studied because it not only enhance the
efficiency of the process by preventing the leaghoh the LDH but also eliminate the toxicity
that may emanate from Co leached into the solu#iensuch there is necessity to enhance the
stability of the CoFe-LDH to ensure zero perceatleng. The possibility of using Fe[ll]/Fe[lll]

and Cu[ll]Fe[lll] LDH should be considered becausfenon-toxicity of Fe compared to Co.
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Beside the heterogeneous system should be investiglor other pollutants especially

pharmaceuticals residues.

6.2.4 Treatment of real wastewater effluents

The thesis work has been achieved by studying stintlsolutions of the selected
pollutants, therefore it is important to test theeriments realized here with real wastewater
effluents. The real effluents behave differentlyewhtreated by electrochemical techniques
because of the multicomponent nature of it orgamdntent, varying pH and its significant

guantities of inorganic ions.
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