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“Nanotechnology has given us the tools ... to play with the ultimate toy box of nature - atoms

and molecules”.

Horst Stormer,
Nobel Prize in Physics, 1998

“I am among those who think that science has great beauty. A scientist in his laboratory is not
only a technician: he is also a child placed before natural phenomena which impress him like

afairy tale.”

Marie Curie (Maria Sktodowska-Curie),
Nobel Prize in Physics, 1903
Nobel Prize in Chemistry, 1911






To my parents and sister,

In memory of my grandparents, Lizette and Daniel






Acknowledgments

My particular gratitude goes to my supervisor, Doctor Olinda Coelho Monteiro, for guidance,
support, precious knowledge transmitted, permanent availability and patience throughout my
studies. Her dedication was completely invaluable to the development of this research, and |
am sincerely grateful for always believed in me. I also want to thank her for all the opportunities
to work abroad, to attend international conferences and training schools around the world.
Significantly warming thank you to Professor Magdalena Skompska, from the University of
Warsaw, Poland, for receiving me so warmly in her research group during my internship. | am
beholden for her collaboration during my work, scientific discussions, and all the support when
I was in Warsaw, and later in Portugal.

| am grateful to Doctor Maria Conceicdo Oliveira for her collaboration during the LC-HR-
ESI/MS measurements and scientific discussions about mass spectroscopy, and all support
when | was in the Instituto Superior Técnico (IST). | also want to thank Professor Antdnio
Silvestre and Doctor Carla Nunes for all the collaborations, support and scientific discussions.
I would like to thank all the collaborations, to be possible the Raman and p.z.c. measurements.
Thank on top go to Doctor Ana Mourato for the XRD and atomic absorption measurements,
helpful discussions and especially due to her friendship, concerns, and advice. | also want to
thank Doctor Isabel Tissot for the XRF measurements, constructive discussions, and friendship.
I am immensely grateful to all my colleagues at Interfacial Electrochemistry Group (IEG) from
CQB/CQE (Centro de Quimica e Bioquimica/Centro de Quimica Estrutural) for being a part of
my laboratory workdays, for these last years. Thanks also go to Professor Jorge Correia, for the
kindness and the precious clarifications provided by extensive experience in electrochemistry.
The entire group has been so sympathetic, that | enjoyed every day working with it. To all the
people that passed through in these workplaces and became unforgettable. | thank especially
Doctor Virginia Ferreira, for her friendship, kind support, help, and counseling whenever
required. | would like to thank my colleagues from the University of Warsaw research group
for their assistance on countless occasions. Especially Kamila and Tomasz for all the support,
friendship and good moments shared.

To Professor Helena Mendonca and Professor Estrela Melo Jorge for the constant sympathy
and motivation, as well as for their pieces of advice.

I heartily thank Frederico Botelho Sampaio for the friendship and critically reading of the entire

manuscript.



I would like to thank all my friends, for the support and encouragement. Especially Jorge Diniz
for the company in the research lab, friendship, kindness, and the accurate word in the right
moments. Daniel Siopa, for all advice and help. To Tia Sisi for all the help, kindness and
encouragement. To Pedro Melo, to be like a brother, for his unconditional support (not only but
also computer/informatic support), encouragement, friendship and all the pleasant moments
shared.

| want to express my gratitude to my sister for her endless friendship, patience, and support.
For being my complement and conscience. She was always exceptionally optimistic and
believed in my force, which brought out the best of me. Thanks for all the love, smile, laughs
and life that we share.

I would like to thank my parents, for the enormous patience, understanding, support, and love
expressed in the course of this work, as well as throughout my life.

To Claudia and loana from Departamento de Quimica e Bioquimica (DQB) secretary, for all
the support and kindness. To the DQB 3" cycle coordination (PhD in Chemistry), Professor
Ana Paula Paiva and Doctor Ana Viana, for all the kindness, concerns and advices.

I acknowledge COST Action MP1302 for the financial support for the internship at the
University of Warsaw, Poland, by the short-term scientific mission grant (2017). | also thank
Fundagé&o para a Ciéncia e a Tecnologia (FCT) for the financial support with the supplementary
training allowance, for the internship at the University of Warsaw, Poland (2018).

I acknowledge FCT for financial support through a PhD grant (SFRH/BD/101220/2014).



Abstract

The primary goal of this work was the preparation of new elongated titanate nanoparticles, like
nanotubes (TNT) and nanowires (TNW), with improved ability for pollutants adsorption and
photo(electro)catalytic degradation. TNT and TNW were prepared using a hydrothermal
approach in alkaline medium, starting from TiO2 nanoparticles and amorphous precursors,
respectively. The TNT/TNW were modified by ion-exchange and doping with metals (Co, Ru,
and Fe/Mn), and by sensitization with Ag nanoparticles and ethylenediamine. The catalytic
ability of these new materials for the pollutants photodegradation, including phenol, caffeine,
theophylline, and dyes, was also investigated. The results showed that all modified TNT/TNW
demonstrated excellent photocatalytic activity for the degradation processes studied.

The sensitization process can improve the light absorption on the visible range and the ability
for pollutants adsorption and photocatalytic degradation, due to the change imposed on the
TNT/TNW surface. The metal modification can impose a light absorption shift to the visible
range and/or the introduction of intermediary levels in the forbidden band, reducing the
electron-hole (e/h*) recombination.

For the ethylenediamine sensitized samples, it was demonstrated that the N-species improves
the photocatalytic activity. The results revealed h* was mainly responsible for the hydroxyl
radical formation, and the production of nitrogen oxidant species was proposed.

The results for sensitized samples with Ag nanoparticles, Ag-HTNW, revealed the presence of
Ag" in the interlayers and Ag nanoparticles in the HTNW surface, and the h™ action with highly
oxidant species enhances the photocatalytic performance.

For the cobalt modified powders, depending on the synthesis methodology and Co/Ti ratio, the
dopant can replace Na* in the interlayers and/or substitute Ti** in lattice positions or sit in
interstitial sites. The structure and optical behavior are dependent on the metal ions either
substituting Ti** or replacing Na*.

For RUTNW sample, Ru™ was detected in the crystalline structure replacing Ti** and in the
interlayers replacing Na*, and for RUTNT it was only replacing Ti*". The photocatalytic
improvement of these materials was principally to recombination rate reduction, by metal
incorporation. The utmost difference between these samples was related to the pollutants’
photodegradation mechanism and intermediates formation/degradation.

In this work, the influence of slight metal contaminations on the TNW structural, optical and

photocatalytic behavior was also studied. FeMnTNW were obtained due to a reactants’ vestigial



contamination. The modification occurred by Ti*/Fe3*-Mn** substitution and by Na*
replacement in the interlayers.

The TNW/TNT immobilization in conductive films to be used in pollutants
photo(electro)degradation, was also studied. Ru- and Co-modified TNW/TNT were
immobilized on a conductive substrate by drop-casting method followed by 1,8-
diaminocarbazole electropolymerization and were remarkably effective catalysts in pollutants
photo(electro)degradation. The films’ reutilization showed that these are stable and can be used

in successive degradation without performance loss.

Keywords
Elongated titanate nanoparticles, metal modification, metal and organic molecules

sensitization, emergent pollutants, photo(electro)catalytic degradation.



Resumo

O objetivo do presente trabalho foi a preparacéo de novas nanoparticulas de titanatos alongadas
(TNP), tais como nanotubos (TNT) e nanofibras (TNW), para serem utilizadas como
adsorventes e foto(electro)catalisadores para a remocao/degradacéo de poluentes emergentes.
Os poluentes emergentes sdo substancias quimicas, geralmente ndo reguladas, sendo 0s seus
efeitos no meio ambiente e na satde humana a longo prazo ainda desconhecidos. Estes podem
ser produtos farmacéuticos, de higiene e cuidado pessoal (PPCPs), tais como antibioticos,
analgésicos, antidepressivos, estimulantes, cosméticos, excipientes e parabenos. Como estes
poluentes s&o resistentes a tratamentos convencionais, mesmo em concentracdes muito baixas,
podem causar sérios riscos para a saude, devido a elevada toxicidade que apresentam, sendo
atualmente a sua eliminacdo muito problematica. Varios tratamentos tém sido propostos, mas
novas solucBes, com maior eficiéncia, sdo necessarias para uma resolucdo definitiva deste
problema. Neste sentido, nos ultimos anos varias investigacdes tém sido feitas para procurar
tratamentos eficazes para degradar estes efluentes e diminuir o seu impacto ambiental. Varios
estudos revelam que os processos avancados de oxidacdo (AOPS) sdo promissores no
tratamento de efluentes, uma vez que séo eficazes na degradacédo de poluentes organicos em
meio aquoso. Nos AOPs ha formacao de espécies muito reativas, os radicais hidroxilo (‘OH),
que tém elevado poder oxidante e podem promover a degradacédo de varios poluentes de forma
rapida e ndo-seletiva. Existem varios tipos de processos de producdo do ‘OH, sendo 0s mais
promissores os de oxidacdo fotocatalitica e fotoeletrocatalitica, usando semicondutores
nanocristalinos como catalisadores.

Os semicondutores sdo caracterizados, do ponto de vista eletrénico, por apresentarem uma
banda de valéncia (VB) e uma banda de conducéo (CB), sendo a regido entre as duas bandas o
hiato 6tico. O processo fotocatalitico da-se pela irradiacdo do semicondutor, ocorrendo
absorcdo de fotdes com energia igual ou superior a energia do hiato 6tico. Formam-se
transportadores de carga do tipo eletrdo-lacuna (e/h*) devido a absorcdo de energia pelos
eletrdes da VB que sdo transferidos para a CB, sendo criada uma lacuna na VB. Os
transportadores de carga podem participar diretamente em reagdes redox a superficie do
semicondutor e ainda formar radicais (por exemplo ‘OH e O™) que participam ativamente na
degradacdo dos poluentes orgénicos, quebrando as ligacBes quimicas, até & sua total
mineraliza¢do. No processo fotoelectrocatalitico, hd um aumento da eficiéncia catalitica devido
a diminuicdo da recombinacdo de cargas no semicondutor irradiado, quando utilizado como

fotodnodo onde se aplica um potencial ou uma corrente constante. Desta forma, cria-se um



gradiente de potencial que facilita o processo de separacdo de cargas, aumentando assim o
tempo de vida do par e/h”.

Neste contexto, este trabalho propde a sintese de novos TNT e TNW modificados, para serem
utilizados como foto(electro)catalisadores, para a degradacédo de poluentes. Os TNT e as TNW,
foram preparadas através de um processo hidrotérmico em meio alcalino (NaOH 10 M) a 160°C
durante 24 horas, partindo de nanoparticulas de TiO- e de um precursor amorfo, respetivamente.
Prepararam-se também amostras HTNW, por troca idnica atraves de um tratamento acido da
amostra TNW (que contem i6es Na* nas intercamadas), substituindo os ides Na* por H*.
Modificaram-se TNW e TNT por sensibilizacdo com etilenodiamina (EDAmine), obtendo-se
as amostras NTNW e NTNT e por sensibilizagdo com nanoparticulas de prata, Ag-HTNW.
Foram modificadas amostras de TNW com cobalto por dopagem, com diferentes percentagens
de substituicdo, (Co(1%)TNW e Co(5%)TNW) e por troca ionica (TNWCo(5%)). Também
foram modificadas amostras com ruténio (1%, nominal), obtendo as amostras RUTNT e
RUTNW, e com manganés e ferro, FeMnTNW.

O processo de sensibilizacdo das TNP pode melhorar a absorcdo de luz no visivel, e a
capacidade de adsorcédo e de degradacdo destes fotocatalisadores, uma vez que provoca uma
alteracdo na superficie das nanoparticulas. Por outro lado, a modificacdo das TNP com metais
pode desviar a absorcdo de luz para a gama do visivel e/ou introduzir niveis intermédios na
banda proibida, reduzindo assim a recombinacéo do par e’/h*.

A caracterizacdo estrutural por difracdo de raios-X de pos revelou gque todas as amostras
preparadas apresentam uma estrutura cristalina do tipo NaxxHxTizO7 (0 < x < 2), ndo se
verificando alteracGes estruturais apds modificacao.

A analise por microscopia eletronica de transmissdo revelou uma morfologia homogénea e
uniforme, com nanofibras ou nanotubos bem definidos, ndo se observando alteracfes
significativas nas TNP modificadas. Apenas nas amostras modificadas com nanoparticulas de
prata (Ag-HTNW) se verificou a presenca de nanoparticulas na superficie das nanofibras.
ApOs caracterizacdo e para avaliar a capacidade fotocatalitica das novas amostras de TNP
modificadas, foram realizados ensaios de fotoreac¢do do &cido tereftalico, para analisar a
producdo de "OH. Os resultados revelaram que estes nanomateriais apresentam elevada
atividade fotocatalitica para a producdo desta espécie oxidante. Estes novos materiais
modificados foram estudados com catalisadores em processos de fotodegradacéo de poluentes.
Os resultados revelaram que todos os TNW e TNT modificados apresentam excelente atividade

fotocatalitica para os processos de degradacao estudados.
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Nas amostras modificadas por sensibilizagdo com EDAmine, NTNW e NTNT, a presenca da
amina foi confirmada por espetroscopia fotoeletronica de raios-X (XPS). Verificou-se ainda um
desvio para a zona do vermelho da banda de absorcdo das particulas sensibilizadas, indicando
que estas apresentam uma energia do hiato 6tico menor. Pelos ensaios de fotodegradacdo da
cafeina, teofilina e do fenol, verificou-se que as amostras apos sensibilizacdo apresentam uma
maior eficiéncia em relagdo as amostras TNT/TNW. A amostra NTNT foi a que apresentou
maior atividade catalitica, para todos os poluentes nas condi¢des experimentais utilizadas. Nos
ensaios de reutilizacdo a amostra NTNT foi sujeita a quatro ensaios de fotodegradacao
sucessivos, tendo-se verificado que esta amostra apresenta elevada estabilidade associada a uma
alta eficiéncia catalitica na degradacgdo de solu¢des de cafeina, teofilina e de fenol.

Na sensibilizacdo com nanoparticulas de prata, a presenca do metal na amostra Ag-HTNW foi
confirmada por XPS e fluorescéncia de raios-X (LXRF). A caraterizacdo por espectroscopia de
reflectancia difusa revelou uma modificagdo no comportamento 6tico da amostra, apresentando
uma banda de absorcéo aos 480 nm devido ao efeito de absor¢do plasmonica das nanoparticulas
de Ag, indicando uma melhoria significativa na absorcdo de luz visivel e sugerindo uma
possivel melhoria no desempenho fotocatalitico da amostra. A atividade fotocatalitica das
particulas de Ag-HTNW foi avaliada e os resultados obtidos mostraram que esta foi bastante
eficiente na degradagdo fotocatalitica do fenol usando radiagdo UV-vis. Os resultados relativos
a estabilidade deste fotocatalisador, mostram que é muito estavel apds 4 degradacdes
sucessivas, revelando-se promissor para ensaios de fotodegradacdo com radiacdo UV-visivel.
Verificou-se, contudo, um aumento na quantidade e no tamanho das nanoparticulas de Ag
durante estes ensaios. Estes resultados sugerem a possibilidade de simultaneamente se
formarem nanoparticulas de Ag e de se degradar um poluente, sem diminuicdo do desempenho
fotocatalitico.

Para as TNW modificadas com cobalto, dependendo do método de sintese e da razdo entre Co
e Ti (Co/Ti), o metal dopante pode substituir os ides Na* nas intercamadas, e/ou substituir 0s
ides Ti** na estrutura cristalina ou ficar nos intersticios. Embora ndo tenham sido observadas
alteracOes significativas na morfologia das nanofibras devido a introducdo do metal, uma
alteracdo no espectro 6tico das amostras foi observada, verificando-se uma grande diferenca
quando os ides cobalto estio a substituir os ides Ti** ou Na*. Nas amostras dopadas foi
verificada a presenca de ides Co?*/Co®" e nas amostras preparadas por troca ionica (amostras
intercaladas) a presenca de Co?". Todas as amostras de TNW modificadas com cobalto
apresentam uma absor¢do na gama do visivel, e o desvio para o vermelho observado pode ser

atribuido a introducéo de orbitais 3d do cobalto na banda proibida.

vii



Os ensaios da atividade fotocatalitica permitiram concluir que as amostras dopadas sdo mais
eficientes na degradacdo do fenol e dos corantes amarelo naftol S e verde brilhante do que as
amostras intercaladas. Nos ensaios de degradacdo da mistura destes trés poluentes, verificou-
se que a amostra Co(1%)TNW apresenta uma elevada e muito promissora eficiéncia
fotocatalitica.

Para a amostra RUTNW, verificou-se por espetroscopia de Raman, XPS e uXRF a presenca de
iGes Ru™ na estrutura cristalina substituindo o Ti*" e nas intercamadas a substituir os ides Na®,
no entanto na amostra RUTNT, a substitui¢ao foi apenas nos ides Ti**. A atividade fotocatalitica
destes materiais foi estudada na degradacdo de sulfametazina e de cafeina. Neste estudo,
verificou-se uma melhoria do desempenho catalitico dos TNT e TNW apds a introducdo de
ruténio, sendo esta atribuida a uma diminuicdo da taxa de recombinacéo do par e/h*. Concluiu-
se também que para as amostras RUTNT e RUTNW, a maior diferenca no desempenho
fotocatalitico em relagdo a morfologia, isto é, ter nanotubos ou nanofibras, esta principalmente
relacionada com o mecanismo de degradacdo dos poluentes e a formacdo/degradacdo dos
subprodutos/intermediarios da reacéo.

Neste trabalho foi também possivel estudar a influéncia de contaminages vestigiais por metais,
nas caracteristicas estruturais, oticas e fotocataliticas das TNW. Devido a uma contaminagdo
vestigial de um reagente com ferro e manganés, foi obtida uma amostra de FeMnTNW. A
modificagdo dos TNW com Fe e Mn, ocorreu por substituicdo dos ides Ti** por Fe**-Mn®*" e
por incorporacdo nas intercamadas substituindo os ides Na*. A eficiéncia fotocatalitica desta
amostra foi analisada na degradacdo da cafeina, verificando-se que a presenca de Fe/Mn é
promissora para a degradacdo deste poluente. Foi realizado um estudo usando captadores de
espécies oxidantes, para analisar quais as espécies intervenientes no processo de degradacéo da
cafeina com a amostra FeMnTNW como catalisador. Pelos resultados obtidos, e tendo em conta
a possibilidade de ter Fe®**/2*/H,0; no sistema, a combinag&o dos processos de fotodegradagio
catalitica e foto-Fenton, com H>O> gerado via radical superdxido foi devidamente equacionada.
Verificou-se que a degradacdo da cafeina ocorre via radicais "OH e O>™.

Estudou-se também a imobilizacdo das TNP, pois uma grande limitagdo nesta &rea é a utilizacdo
de fotocatalisadores em suspensdo nos reatores para tratamento de aguas residuais. Se por um
lado apresentam melhor atividade devido a maior transferéncia de massa entre os poluentes e o
fotocatalisador, por outro lado apresentam como desvantagem a dificuldade em separar o
catalisador no final da fotodegradacao, sendo necessarias a filtracdo ou centrifugacdo da agua
tratada para recuperar o catalisador. A utilizagédo do semicondutor imobilizado na forma de

filme tem como vantagens a facilidade de manuseamento e de recuperacéo do catalisador. Neste
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sentido, neste trabalho preparam-se filmes para imobilizar as TNP em substratos condutores
para serem utilizados como foto(electro)catalisadores. Foram preparados filmes condutores
hibridos de TNP com poli(1,8-diaminocarbazole). As amostras de TNP modificadas com Ru e
com Co foram imobilizadas em substratos condutores pelo meétodo de drop-casting.
Prepararam-se também filmes hibridos por electropolimerizacdo do mondémero 1,8-
diaminocarbazole. Estes filmes mostraram-se muito promissores para a degradagdo
foto(electro)catalitica do azul de metileno e da teofilina. A reutilizacdo dos filmes revelou que
estes sdo estaveis e que podem ser utilizados em sucessivos ensaios de degradacdo sem

diminuicdo do seu desempenho catalitico.

Palavras-chave

Nanoparticulas de titanato alongadas, modificacdo com metais, sensibilizacdo com metais e
moleculas orgénicas, poluentes emergentes, degradacao foto(electro)catalitica.
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Chapter 1 — Introduction

In the past years, the pollution of water systems with pharmaceuticals and personal care
products (PPCPs) among other pollutants has become a huge environmental problem. These
emergent pollutants are resistant to conventional treatments and even at low concentrations,
they may impose toxicity to all biological hierarchy levels. The search for effective and
practical treatments to degrade them, and reduce their environmental impact, has attracted the

interest of researchers, and innovative solutions are being proposed [1].

1.1 - Emerging pollutants

Emerging pollutants are chemical substances, commonly not regulated, that can be detected in
low concentrations, raising particular concern due to their long-term adverse effects on the
environment and on human health remaining unknown. These pollutants be defined as
compounds of different origin and chemical nature whose presence in the environment, or by
consequences of their presence, they have gone mostly unnoticed and due to this remain
unregulated [2].

International organizations have proposed some definitions of emerging pollutants, which can
illustrate different aspects related to this problem and which can help to understand their
dimension and consequences [2]. According to the organization for monitoring emerging
environmental substances in Europe (EU NORMAN network), such chemicals can be defined
as substances that have been detected in the environment. They are currently not included in
routine monitoring programs at the European level and whose fate, behavior, and
(eco)toxicological effects are not well understood [2,3]. The emerging pollutants are not
included in routine environmental monitoring. However, they may be candidates for future
regulation/legislation due to their adverse effects and/or persistency. This regulation will be
depending on research works on their (eco)toxicity, potential health effects and public
perception and monitoring data regarding their occurrence in the various environmental

compartments [3].

1.1.1 - PPCPs

Many thousands of PPCPs, which include pharmaceutical drugs, cosmetics, food supplements
and other personal care products, are used worldwide. These products are emerging
environmental pollutants due to their inherent ability to induce physiological effects in humans

and animals, even at low doses [4]. PPCPs can be, for example, antibiotics, anti-inflammatories,
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antiseptics, analgesics, antidepressants, stimulants, cosmetics, excipients, essences, parabens,
fragrances, disinfectants, and sunscreens [4]. Unfortunately, after use, these products are
disposed in the environment, usually in low doses, without any kind of treatment. Also, a
cumulative effect is often observed because standard treatments do not easily degrade them.
This widespread and continuous release to the environment has been attracting an increasing
concern among the scientific community, media and the public in general [5]. Since most of the
PPCPs have polar chemical characteristics, they are not easily adsorbed in the subsoil. These
pollutants will reach groundwater aquifers through contaminated surface water, and
consequently they will be able to reach potable water systems [6,7]. These non-degraded PPCPs
have become one of the biggest problems of contamination of water resources.

The existence of PPCPs in the environment was confirmed for the first time in the 80s [8] and
since then, several reports have demonstrated their presence in the effluents of wastewater
treatment plants (WWTP), rivers, lakes, groundwater and even in bottled waters [6,9]. Once
these pollutants are not easily removed, their potential long-term effects on wildlife and humans
it is of great concern. For instance, certain antibiotics can cause irreversible changes in the
genomes of microorganisms, creating new resistance to their action. For example, Varela et al.
[10] reported a vancomycin resistant Enterococci (VRE) study, from hospital effluents and
urban wastewaters. Vancomycin is an antibiotic used to treat a number of bacterial infections.
They demonstrated that hospital effluents could provide VRE to an urban wastewater treatment
plant. Once the effluent is received, the multidrug resistance phenotypes, observed in clinical
isolate and hospital effluents, can survive to the wastewater treatment, and they will be detected
in the final effluent. These multidrug resistance phenotypes contribute to increasing the risk of
spread vancomycin multidrug resistance to the environment [10].

For pollutants removal, different methodologies can be used, such as physical, biological and
chemical methods. These methods include coagulation, flocculation, sedimentation, filtration
or nano-filtration, flotation, activated carbon adsorption, nitrification, biological filters,
membrane bioreactors, biological nutrients removal, microbiological degradation, chemical
oxidation (e.g., ozonation, ultraviolet and/or hydrogen peroxide advanced oxidation process
(AOPs)), membrane filtration, reverse osmosis, chlorination and UV disinfection [11,12].
Biodegradation, photodegradation and other abiotic transformation processes such as
hydrolysis, may reduce concentrations of PPCPs in the environment and result in partial loss
and mineralization of these compounds [4]. However, for an efficient wastewaters’ treatment a
combination of different methods, it is frequently required, since the use of a single method, it

is rarely satisfactory. For example, the industrial wastewater treatment plan is done using a
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combination of biological and chemical treatment methods, in order to comply with the
standards for discharge of treated effluents [13].

The biological treatment of municipal wastewater involves the coagulation and removal of non-
settleable colloidal solids to reduce the organic content and nutrients such as nitrogen and
phosphorus. These are performed using a variety of microorganisms, mainly bacteria (may have
300 species present). The predominant group of bacteria used in this context are heterotrophic.
They feed primarily on organic carbon molecules. Inorganic matter is absorbed by autotrophs,
such as ammonia-oxidizing bacteria, which oxidize ammonia into nitrite. Heterotrophs often
compete with autotrophs, which have lower growth rates and are often more sensitive to process
conditions and variations [14]. These processes are usually influenced by pH, temperature, and
redox potential [15]. However, on a relative scale, biodegradation can be important, for
instance, to naproxen and ibuprofen removal, but only moderately for caffeine. In contrast, for
other PPCPs, for instance, diclofenac, ketoprofen, amoxicillin, clarithromycin, triclosan,
sotalol, clofibric acid, and carbamazepine, it plays only a relatively minor role [15]. For
example, emergent pollutants’ removal has been evaluated by reverse osmosis, ozonation and
membrane bioreactors. However, these processes are not attractive because none of them show
satisfactory results [16]. For example, diclofenac (DCF) was shown to be significantly
biodegraded only when the sludge retention times are higher than 8 days, and carbamazepine,
which is hardly biodegradable, is only poorly eliminated, independent on hydraulic retention
times in WWTP [16]. DCF (illustrated in Figure 1.1) is a well known anti-inflammatory
pharmaceutic product frequently detected in wastewaters, effluents and surface waters [14].
This pharmaceutical has been recently included in the list of substances in the EU that requires
environmental monitoring in the member states. DCF harmfully affects several environmental

species, even if in concentrations lower than 1pg L [14].

Cl
; NH
Cl OH
O

Figure 1.1 - Schematic representation of diclofenac molecule.

Physical-chemical processes, such as coagulation, flocculation and flotation, can be used to
agglomerate fine particles and colloids into larger particles for reducing turbidity, natural

organic matter and other soluble organic and inorganic pollutants present in the wastewater.
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These physical-chemical methods have been reported for the elimination of several pollutants,
including DCF, carbamazepine, ibuprofen and naproxen. However, sometimes their total
removal from wastewater usually requires posterior treatments [17,18].

For example, using a nitrifying-denitrifying process in a wastewater treatment plant, only 82%
and 68% of ibuprofen and naproxen (of an initial concentration of 10 ppb in the effluent) were
removed, respectively. Carbamazepine (20 ppb) and diazepam (20 ppb) were removed less than
10%. However more than 300 days were required for the total removal of a 9 compounds
mixture from the effluent [19].

The pollutants’ photolysis degradation by sunlight action can be an attractive alternative and
low-cost methodology; however, it strongly depends on sunlight availability, light intensity and
penetration/attenuation by the water depth, PPCPs’ absorbance spectra and quantum yield.
Consequently, it is urgent to develop new methodologies that provide high pollutants removal
efficiency at a rational cost. Adsorption processes have this potential since PPCPs removal, if
ionic, may occur due to electrostatic interactions. Neutral molecules adsorption can occur via
weak Van der Waals and electron donor-acceptor interactions. For instance, activated carbon
[20], and clay complexes [21], have been recently used to remove PPCPs, such as bisphenol A,
carbamazepine, naproxen and clofibric acid, from aqueous streams. Nevertheless, adsorption
only influences the distribution of substances between aqueous and solid phases and does not
eliminate them. Besides, adsorption is dependent on both hydrophobic and electrostatic
interactions of pollutants and adsorbent particles [16].

Recently, the use of nanocrystalline semiconductors on the photocatalytic treatment of
wastewaters has generated great interest [22]. There are some interesting reports concerning the
effective photocatalytic degradation of pharmaceutic products, for instance ibuprofen [23],
ketoprofen [24], methyl-paraben [25], carbamazepine, naproxen, and theophylline [26]. Liang
et al. [26] reported the degradation of carbamazepine, naproxen, and theophylline (15 ppm)
using titanate nanobelts, as photocatalysts, achieving the total theophylline and naproxen drugs
removal in 90 min under UV-vis irradiation. However, for carbamazepine the photo-assisted
removal was not successfully achieved [26]. Nevertheless, in this study, they did not evaluate
the formation and degradation of the by-products, a very important parameter in photocatalytic
processes, due to the possibility of products formation even more toxic than the initial ones.
Caffeine, theophylline, and phenol are some examples of the PPCPs that have been often found
in wastewaters (Figure 1.2).

Caffeine (1,3,7-trimethylxanthine) is a central nervous system stimulant of the methylxanthine

class. This is one of the most popular drugs in the world, and it can be found in coffee, tea,
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chocolate, soft drinks and pharmaceuticals. Caffeine is a mild stimulant that helps reduce
fatigue. It is also thought to enhance the painkilling effect of acetaminophen. This drug can
enter the wastewater through human urine or household plumbing as it is present at an average
amount of approximately 360 mg Lt in coffee, tea, and soft drinks. Early reports proved the
existence of caffeine in sewage effluent, septic tanks, landfill leachates, and the contamination
of surface water by wastewater [27]. So, it is reasonable that groundwater can be contaminated

by those potential caffeine sources during natural recycling.

a) b) c)
CH, 0 o
He. | l e JH
Y J_ 1
O)\N N G 'T‘ N
|
HaC HyC

Figure 1.2 — Schematic representation of (a) caffeine, (b) theophylline and (c) phenol molecules.

Theophylline, known as 1,3-dimethylxanthine, it is also a methylxanthine used in therapy for
respiratory diseases such as chronic obstructive pulmonary disease and asthma. It was originally
used as a bronchodilator and it has been used nowadays to treat airway diseases. More recently
it has been shown to have, when at lower concentrations, anti-inflammatory effects in asthma
and chronic obstructive pulmonary disease [28]. Theophylline is present in tea and cocoa. It has
also been described as a by-product of caffeine photodegradation [29,30].

Phenol is an important aromatic compound often used as a model pollutant in photodegradation
catalytic studies due to its relevance as a pollutant itself and also because it is a frequent
intermediary product of several other pollutants’ degradation processes. It is generally used as
a disinfectant, a reactant in chemical analysis, and a raw material of several products, such as
herbicides, drugs, paints, cosmetics, artificial resins, pharmaceuticals, organic compounds,
fertilizers, pesticides, explosives, industrial dyes and lubricant. It is also the largest used, as an

intermediate, in the production of phenolic resins like phenol-formaldehyde ones [31-33].

1.1.2 — Industrial dyes

Dyes become an environmental problem due to the growing use of a wide variety of such
compounds in several industries, namely textile, paper, leather, plastics, and cosmetics
[1,34,35]. These industries discharge a large number of colored effluents, which are very toxic,

and consequently, they can lead to serious ecological problems. Recently it was reported that
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more than 700.000 tons of dyes are produced annually, and the chemical class azo represents
~70% of the production due to their high stability, low cost and easy obtainment. Consequently,
the final disposal of azo dyes-containing wastewaters has become a serious concern to the
environment, considering that only the textile industries release up to 50% of dyes to the aquatic
environment through effluents, reaching 10-50 mg L™ in the aquatic environment [35]. Dyes
normally have a synthetic origin and complex aromatic molecular structures, which often make
them very stable and difficult to be biodegradable. Most synthetic industrial dyes have an azo
bond connected to several aromatic structures. Some, however, are polymeric structures
containing metals, for example, chromium, cobalt, nickel, and copper [36,37]. It is also known
that wastewaters containing dyes are very difficult to treat since they are molecules resistant to
aerobic digestion. This extremely harmful waste not only depreciates the water quality but also
elevates their toxicity [38,39]. Dyes generally also exhibit resistance to microbiological attack
and temperature, and most of them are not degraded in wastewater treatment plants. These dyes
become an integral part of industrial effluents, not only because of the large volume of
production but also as a result of their slow biodegradation and discoloration [40,41]. The
presence of these colored pollutants in the environment can change the water clarity and
appearance and causes considerable non-aesthetic pollution and serious health risk factors, due
to their toxicity [1,39]. The impact and toxicity of these pollutants in the environment have been
extensively studied. However, the knowledge concerning their carcinogenic, mutagenic, and
bactericide properties is still incomplete, owing to the large variety of dyes produced [1,39,42].
Consequently, this is becoming a growing concern for environmentalists and civilians. A
sustainable and efficient long-term dye effluent treatment method should be established to
reduce or eliminate this problem. Coagulation, flocculation, electrocoagulation, adsorption,
ultrasound, membrane filtration, chemical treatment, ozonation, electrochemical destruction,
and biological treatment were applied to remove the dyes from wastewater. However, these
methods are complicated processes with a high cost and not very efficient. Therefore,
researchers have been interested in advanced oxidation processes (AOPSs) to dyes removal from
the wastewater due to the simplicity and efficiency of this method [43-45]. Since the wastewater
composition of the textile industry, it is extremely complex, its treatment is very complicated.
Recently, the textile industry conducts on-site wastewater treatment and process water
recycling. This wastewater treatment combines biological processes with AOPs [45]. For
example, Ray et al. recently reported an efficient Indigo carmine dye removal from polluted
water using a Ni-modified barium trimolybdate photocatalyst under visible light irradiation
[43].
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1.2 - Advanced oxidation processes (AOPS)

During the last decade, there has been an increasing interest in the advanced oxidation processes
(AOPs) field for the degradation and removal of organic compounds in wastewater. These
processes have been proposed as alternative methods for the degradation of pollutants in water,
air, and soil [46-50], since they are very effective in the degradation of organic pollutants (in
aqueous medium) [41]. Concerning a wastewater treatment plan, the AOPs (Figure 1.3) are
extremely effective for the destruction/removal of halogenated hydrocarbons, aromatic

compounds, volatile organic compounds, detergents, dyes or pesticides [51,52].

Figure 1.3 — Schematic representation of advanced oxidation processes (AOPs). (Adapted and based on [40,41,54-58])

AOPs (Figure 1.3) are a group of oxidation methods based on the formation of highly reactive
species such as hydroxyl radical ("OH) and superoxide radical (O2"), which have high oxidizing
power, leading to the destruction of organic pollutants [52,53]. These non-selective radicals can
readily attack organic molecules by hydroxylation and/or dehydrogenation reactions leading to
the pollutants’ decomposition. The production of carbon dioxide and water is aimed, or, at least,

the conversion to preferably less harmful products [53]. There are several types of “OH radical
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production processes, such as chemical oxidation (ozone, hydrogen peroxide and Fenton
reagent), electrochemical, photolysis, photocatalytic, and photoelectrocatalytic oxidation
[40,41,54-58].

AOPs have been used in several environmental applications, such as domestic and industrial
wastewater treatment, atmospheric pollution reduction, odor control, and soil remediation
[59,60].

The AOPs can be classified either as homogeneous or heterogeneous processes, being further
divided into photochemical and non-photochemical processes (Figure 1.3). In general, these
methods include Fenton reactions, ozonation, photocatalysis, sonolysis, combinations of UV
irradiation, and oxidizing chemical agents [60]. Photocatalysis and photoelectrocatalysis have
been described as the best and most attractive and promising AOPs for organic pollutants

removal.

1.2.1 - Photocatalytic and photoelectrocatalytic methods

Photocatalysis is defined as a change in the rate of a photochemical reaction, by the activation
of a photocatalyst (semiconductor) with sunlight or artificial light (ultraviolet or visible
radiation). This process allows the degradation of many organic pollutants, with the cleavage
of the chemical bonds, until their total mineralization in carbon dioxide and water. Regarding
the photocatalytic and photo(electro)catalytic oxidation processes, these methods are very
efficient, presenting excellent results in organic compounds degradation, aiming their total
mineralization [40,61-66]. They are also very attractive from the economical and eco-friendly
point of view, due to, e.g., the possibility of the catalyst reutilization. These methods are based
on the use of a catalyst, usually a semiconductor, irradiated with energy equal to or higher than
its bandgap energy.

It is known that it is possible to promote the photoelectrolysis of water with an anodic potential
[50]. Since this discovery using irradiated titanium dioxide (TiO2) to produce hydrogen,
reported in 1972 by Fujishima and Honda, the photocatalysis has become one of the major
topics of interest for scientific researchers [67]. These authors constructed an electrochemical
cell (Figure 1.4) in which a TiO: electrode was connected with a black platinum electrode
through an external load. When the surface of the TiO> electrode was irradiated, the current
flowed from the platinum electrode to the TiO. surface through the external circuit. The
direction of the current reveals that the oxidation reaction (oxygen evolution) occurs at the TiO>

electrode and reduction (hydrogen evolution) at the black platinum electrode [67].
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Pt black

Figure 1.4 — Schematic representation of the electrochemical cell used by Fujishima and Honda, (adapted from [67]).

In this system, the authors suggested that water can be decomposed by visible light into oxygen
and hydrogen, without the application of any external voltage, according to the following

equations [67]:

TiO2+ 2 hv — 2 e + 2 h* (excitation of TiO- by light) (1.2)
2 h* +Hx0 — %5 Oz + 2 H" (at the TiO; electrode) (1.2)
2 e + 2 H" — Ho (at the platinum electrode) (1.3)

The overall reaction is:
HO+2hv— %02+ H> (1.4)

It was also found by Frank and Bard in 1977 [68], that using semiconductor powders (such as
TiO2, ZnO and CdS) in heterogeneous photocatalytic oxidation processes, it is possible to
remove cyanide and sulphite from aqueous solutions. They represented the process of CN-

removal as follows:

TiO2+2hv—2e+2h* (1.5)
CN +20H +2h* - OCN" + H.0 (1.6)
O2+2e +2H20 > H02+20H or % 0:+2e +HO—20H 1.7)

and the process of SO3? removal as follows:

ZnO0+2hv—2e+2h? (1.8)

SO3* + 2 h* + H,0 — SO4* + 2H* (1.9
O2+2e +2H"— HO; (1.10)

H202 + SOs% — SO04* + H,0 (1.12)

2 h* +2S03% + O — 2 SO4* (1.12)

11
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These works, have promoted the heterogeneous photocatalysis interest in the scientific
community, being nowadays one of the most studied technique, in this context. Since then,
photocatalysis has been explored to promote organics oxidation, inorganics reduction,
disinfection of water containing biological materials and production of electricity and hydrogen
[50]. Afterwards, Fujishima reported some photocatalytic applications using TiO., whereby
self-cleaning, air cleaning, water purification, antitumor activity and self-sterilizing [69], being
nowadays used in water treatment, air purification, destruction of microorganisms, self-
cleaning of surfaces and deodorizing effect [63,70,71].

Heterogeneous photocatalysis takes place at the interfacial boundary between two phases
(solid/liquid, solid/gas, liquid/gas). Compared to photolysis, the presence of a catalyst typically
accelerates the rate of the reaction, increasing the efficiency of the overall process [72].
Photoelectrocatalysis combines, in general, photochemical and electrochemical methods,
promoting the interaction of light with electrochemical systems. In the photoelectrocatalytic
oxidation, the catalytic process can be improved using the photocatalyst as a photoanode, with
a constant potential or current application under UV-vis or visible light irradiation, creating a
potential gradient that enhances the e/h* separation. With these e/h* separation, there is an
increase in the efficiency of the photocatalytic process, since it reduces the charges
recombination in the semiconductor, thus increasing the lifetime of the e’/h™ pair.

* Photocatalytic process

The photocatalytic process occurs by the irradiation of the semiconductor, as illustrated in
Figure 1.5.

H*
or
. H+ Hoz' 02.-
02 -—P HOZ. — H202 — .OH

reduction

waion |1
excitation
kv I recombination | Bandgap
| energy
' |
¥
h h* h* ht VB
oxidation
‘OH
H,O, OH"

Figure 1.5 — Schematic representation of a semiconductor when irradiated with /v energy.
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In this process, under irradiation, the semiconductor activation occurs due to the absorption of
photons with energy equal to or higher than the bandgap energy (v > Eg). The bandgap, Eg, is
the energy between the semiconductor valence band (VB) and conduction band (CB), (see
section 1.5 for further details).

Electron-hole charge carriers (e/h*) are formed due to the energy absorption (as shown in
equation 1.13), with the electrons from the top of VB being transferred to the CB (ecg), creating
holes (h*) in the VB (h¥g) [41,72,73]. The e’/h* pairs can participate directly in redox reactions
at the semiconductor surface and they can also produce radicals that contribute actively to the

organic pollutants’ degradation [53].

semiconductor + v — egg+ hyg (1.13)

The photo-generated electrons are involved in reduction processes while the holes are
consumed in the oxidation process of chemical species at the semiconductor surface.

Considering the pollutants photo-assisted degradation, the organic species can be directly
oxidized by the photogenerated h* up to their complete mineralization. These holes can also
react with adsorbed water molecules (or hydroxyl ions) on the semiconductor surface to form
the strong oxidant "OH radical, as shown in equations (1.14) to (1.16) at the redox potential in
V in reference to normal hydrogen electrode (NHE). This radical can be, afterward, involved

in the mineralization of the organic pollutants [74-77].

hyg + H,0 - OH + H*  E°(H.0/'0H) =2.72 V (1.14)
H,0 + hyg —» OH+ OH™  E°(H.0/OH") =1.59 V (1.15)

OH™ + Ay - OH E° (OH/"OH) = 2.38 V (1.16)

Depending on the CB energy, the photo-transferred electron can react with Oz producing the

superoxide radical O>™ as shown in equation (1.17) [1,75,77]:

ecgt 0y — Oy E° (02/0,") = - 0.33 V (1.17)

Other reactive species, such as H>O> and hydroperoxyl radical HO,", can be produced via

equations (1.10) and (1.11). Furthermore, additional *OH radicals’ formation may also occur
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according to equations (1.10) to (1.12) [74,75]. The production of H202 from molecular O (E°
(02/H202) = 0.695 V vs. NHE) [76,79], can be observed following the equations 1.17 to 1.19,
and subsequentially the H2O, = "OH reduction reaction (E° (H202/"OH) = 0.38 V vs. NHE)
[76,78,79], as represented in equation 1.20.

0, + H* — HO,’ E° (O2"/HOZ’) = 0.20 V (1.18)
2 HO, — H,0, + 0, E° (HO2'/H205) = 1.44 V (1.19)

H,0,+ 0, — ‘OH+O0H™ +0,  E°(H202"OH) = 0.38 V (1.20)

In the presence of an organic compound, like an emergent pollutant, the *OH and O™ radicals,
H.0,, and e /h* active species can contribute to their total mineralization [74,80].
Nevertheless, the promoted e™ is an unstable specie of an excited state and tends to return to the
ground state either with adsorbed "‘OH (equation (1.21)) or preeminently by recombination with
the unreacted h* (equation 1.22) [75,81-85]:

gyt 'OH — OH~ E° ("OH/OH) =1.90 V (1.21)

ecg + hyg — semiconductor + heat (1.22)

The reaction in equation (1.22), represents the main drawback for the efficient use of absorbed
photons in the classical photocatalysis, i.e., e/h* recombination. To overcome this, several
strategies have been studied, such as a combination of more than one semiconductor material,
sensitization, doping, and ion-exchange [79,86,87]. A more detailed discussion of these
strategies is included in section 1.5. These approaches create alternative paths for the electron

decay to the VB, decreasing the recombination rate by prolonging the e/h* lifetime.

* Photoelectrocatalytic process

To improve the reduction of organic pollutants by photocatalysis, the separation of the charge
carriers formed in equation (1.13) has been performed using photocatalysts with a high specific
area in suspension in the effluent. Unfortunately, the recovery of these materials after treatment
can be complex, being necessary sometimes a post-filtration or centrifugation [75,88,89].
Research efforts to solve this problem have been devoted to the immobilization of
photocatalysts onto different substrates [75,88,90,91]. For example, TiO2 or perovskites on

glass substrates [88,92], nanoparticles on polymers [93] and BiOCI and TiO2 nanoparticles on
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cotton fibres [94]. The immobilization of photocatalysts on supports can produce a significant
reduction of their active specific surface area with the consequent decrease in pollutant removal
efficiency. This efficiency can be strongly improved if the photocatalyst can be deposited onto
a conductive substrate that will act as the photo-anode in a photoelectrolytic system leading to
a photoelectrocatalytic process configuration [46,75,81,82].

Here, a constant potential or current is applied under the anode irradiated, creating a potential
gradient that enhances the e’/h* separation. Therefore, there is an increase in the photocatalytic
process efficiency, since this reduces the charge recombination in the semiconductor, by
increasing the e”/h* pair lifetime [95-100]. In this case, photoinduced electrons are continuously
removed from the anode by the external electric circuit. These inhibit the reactions (1.17) to
(1.22), and consequently, there is a higher production of holes, as indicated in equation (1.13)
and consequently, a higher formation of hydroxyl radicals as shown in equation (1.14).

In this way, the combination of photocatalysis and electrocatalysis can promote the organic

pollutants’ oxidation, increasing its degradation efficiency [41,99,100].

1.3 - Scavengers

Radical scavengers are molecules that can quench specific active species during the degradation
processes. Several probes for "OH, 02", H20z, electrons (e”) and holes (h*) have been described
in the literature [101-103].

In photo(electro)catalysis it is very important to analyze the active oxidant species involved in
the catalytic process. Radical scavengers can be added to the reaction mixture to analyze
whether the degradation of the pollutants takes place via O™, "OH radicals or direct electron
transfer between the substrate and the positive holes (h*). Since scavengers are molecules that
react readily with the radicals or other oxidizing agents, they are sometimes referred to as
antioxidants.

Terephthalic acid (TA), ethanol, isopropanol, methanol, or tertbutanol can be used as hydroxyl
radical ("OH) scavengers [79,101,103]. For example, when ethanol is used as "“OH scavenger, it

reacts following the equation (1.23):

C2HsOH + "OH — C2H4(OH)2 (1.23)

TA, a well-known hydroxyl radical scavenger, reacts with *OH, forming 2-hydroxyterephthalic
acid (HTA), as illustrated in Figure 1.6 [104]. Furthermore, TA is preferably oxidized by
hydroxyl radicals and does not react with other radicals, such as O>", HO>" and H20.. In this
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case, HTA can be detected by fluorescence spectroscopy, since it possesses fluorescent

properties.

O§ OH O§ OH

OH

NS
Ho” o HO” o
Terephthalic acid 2-hydroxyterephthalic acid
(TA) (HTA)

Figure 1.6 - Terephthalic acid conversion in fluorescent 2-hydroxyterephthalic acid (HTA).

Benzoquinone and superoxide dismutase are often used as superoxide radical (O2™) scavengers
[101,103]. O2" is important in photocatalytic processes, since this radical can react to form
singlet oxygen and hydrogen peroxide and the latter producing "OH [101], as shown above in
equations (1.18) to (1.20).

As H>0, scavenger, catalase (e.g., from the bovine liver) can be used. Catalase converts H20;
to water and oxygen, preventing the formation of ‘OH [101].

Ethylenediaminetetraacetic acid (EDTA), formic acid, or potassium oxalate can be used as hole
scavengers [101,103,105]. In this case, after the semiconductor activation by irradiation, these
scavengers trap the h*, and the oxidation reactions are no longer possible at the VB (as explained

in section 1.5). Therefore, only the e already in CB is allowed to react further (equation (1.24)).

EDTA + hjp + ecy — EDTAox + egp (1.24)

Hao et al. reported some scavengers’ tests for the B-Bi2O3-NiO/Ni photocatalysts during methyl
orange (MO) degradation. It was possible to show that hydroxyl radical and holes species play
amajor role in the MO oxidation [102]. Kim et al. described the photodegradation of rhodamine
B (RhB) using BiOClI as a catalyst. Under UV irradiation, O2™, h* and "OH species were all of
them active for the dye photodegradation. Also interesting is the fact they were able to propose
a dye-sensitized photodegradation mechanism, where under visible light irradiation, the active
species play roles in the order of ‘OH < O, = h* [103]. This result showed that *OH and O™
are the most important radicals in the photocatalytic process, being the O>™ relevant for

increases the *OH production (equations (1.18) to (1.20)).
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Fincur et al. showed an alprazolam removal study using ZnO as photocatalyst. They reported
that the photocatalysis takes place only via hydroxyl radicals [106].

1.4 - Hydroxyl radical production

Since hydroxyl radicals ("OH) are the main responsible for several photo-assisted degradation
phenomena, their quantification is very important. Hydroxyl radical demonstrates a very high
oxidizing capability (E° = 2.33 eV), and it has been responsible for several pollutants’
photodegradation processes [79].

Ishibashi et al. reported the use of fluorescence techniques for "“OH detection on a photo-
illuminated TiO> surface using either coumarin or terephthalic acid which readily reacts with
*OH to produce highly fluorescent products [107]. They used TA (in sodium salt) to trap "OH
radicals to produce fluorescent intermediates, namely HTA. The authors also use coumarin (in
aqueous media) to trap "OH radicals. This forms only one monohydroxylated isomer (7-
hydroxycoumarin). However, this product has a lower fluorescence than the HTA, being harder
to detect. In this study, they reported the TA degradation process at different concentrations and
concluded that, for concentrations below 10~ mol dm, the preferential degradation mechanism
is the one shown in Figure 1.6. For higher TA concentrations, competition between the hydroxyl
radicals produced and the photogenerated holes at the catalyst surface was observed, so it was
concluded that the ideal TA concentration is 103 mol dm™ [107]. Since 2008, more researchers
adopted the TA fluorescence probe method to determine the *OH radical formation and the
semiconductor photocatalytic activity [108-112]. Nowadays, TA is widely used as a probe
molecule for quantification of the important *OH radicals generated from photocatalysts
[107,112,113].

This method has been used in radiation chemistry, sonochemistry, and biochemistry for the
detection of "OH generated in water [107]. Ishibashi et al. adapted the use of coumarin or
terephthalic acid solution to measure "OH production in TiO2 photocatalysis. As mentioned,
this method relies on the fluorescent signal generated by the hydroxylation of terephthalic acid.
Using this technique, the detection of "“OH generated at the water/TiO: interface, it was
suggested. In this context, the fluorescence method is rapid, sensitive, specific, and needs only
standard instrumentation. Once formed, the fluorescent product is stable and does not affect the
normally occurring "OH reactions [107].

Although TA is an efficient probe for the detection of *OH radicals, it is also a pollutant by
itself. TA is widely used as a raw material to produce polyester fiber, polyethylene terephthalate
(PET) bottles, PET films, engineering plastics, and medicines [111]. In 2013, polyester fiber
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and PET bottle resin accounted for 93% of global TA demand. TA is toxic and known as an
endocrine disruptor. Besides, it may also interfere with the reproductive system and normal
embryonic development of animals and humans [111]. Traditional aerobic biological treatment
methods are slow and inefficient for TA degradation [111]. Therefore, some authors proposed
a photocatalytic degradation mechanism for this compound. The reported intermediate products
are aromatic and aliphatic compounds, such as HTA, 4-hydroxybenzoic acid, benzoquinone,
benzene and formic, acetic, oxalic, maleic, and fumaric acids [107,111-115]. Although the fact
that TA is a toxic pollutant and other probes can be used as "“OH scavengers, TA degradation
still one of the best methods for *OH quantification, during the irradiation of a semiconductor,
due to the experimental process facility and their high efficiency and selectivity.

1.5 - Semiconductor materials in photocatalysis

Semiconductor materials are crystalline solids with electrical conductivity between conductors
(metals) and insulators, in which the electric charge carrier density can be changed by external
means. In a semiconductor, the electrical resistance decreases as temperature increases, which
is the opposite behavior in metal. In Figure 1.7 it is shown the energetic band structure for the
conductive, semiconductor, and insulator materials.

Semiconductors materials can display a range of useful properties such as current can pass
easily, variable resistance, and sensitivity to light or heat [116]. Since their electric properties
can be modified by doping or by application of an external electrical field or light, devices
containing semiconductors can be used for amplification, switching, and energy conversion
[116]. Practical applications of the semiconductors include laser diodes, electronic devices,

solar cells, microwave-frequency integrated circuits, and photocatalysis.

Energy (eV)

----------------------------------------------------- F Forbidden band

h*h*h*h* VB

VB Filled band

Conductor Semiconductor Insulator

Figure 1.7 - Band structure energy for conductive, semiconductor and insulator materials.
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In a solid semiconductor, the band of higher energy filled with electrons is the VB, and the band
with the lowest unfilled energy is the CB. The range energies between VB and CB are defined
as a forbidden band and delimits in which electrons are not allowed to transit [117]. The range
of Eg allows distinguishing conductive materials from semiconductor and insulator materials
(Figure 1.7). In conductive materials, the VB overlaps with the CB (Eg = 0 eV). Therefore, there
is a high density of electrons that contribute to the high electrical conductivity that characterizes
these materials. For semiconductor and insulator materials, the Eg > 0 eV, with the bandgap
energy being substantially higher for isolating materials, typically Eq > 4 eV. The
semiconductors can be activated either by thermal excitation or by absorption of radiation
energy equal or higher than Eg (E > Ey), giving rise to excited states, as illustrated in Figure 1.7.
The band structure of a crystalline semiconductor material can be described by the relationship
between energy E and the k-vector (Figure 1.8). Thus, the minimum energy states of the
conduction band and the maximum energy of the valence band are characterized by an energy
value and a k-vector.

In a direct bandgap semiconductor, the maximum VB and the minimum CB occur for the same
k-vector (Ak = 0). In this case, the transition between two levels is allowed and corresponds to
bandgap energy, so the electron of VB is transferred to CB with the same momentum.
Therefore, no momentum transfer is required to launch the electron from the VB into the CB
[118].

E E
CB CB
%\ S . %\" “ WS oo
> Photon > o Photon
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<> -
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VB VB

Direct transition

Indirect transition

Figure 1.8 — Schematic representation of the excitation process in semiconductor materials, from the top of the valence band
to the bottom of the conduction band, by photonic absorption, following a direct and an indirect transition process.

In an indirect bandgap semiconductor, the maximum VB and the minimum CB occur for
different k-vector, and thus it is given without conservation of linear momentum since Kk is

changed (Ak # 0). Therefore, a fast electron has to transfer momentum to an electron in VB in
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order to excite it into the conduction band. This also implies that the cross-section for interband
transitions is lower than in the case of direct semiconductors [118,119].

If semiconductors materials are aimed for photocatalysis, they can be modified by different
approaches, including doping, synergetic combination with other semiconductors (formation of
composites), or surface sensitization [86,120,121]. This can open the possibility to control the
properties of the semiconductors, for instance, by introduction levels in the forbidden zone,
which can decrease the e /h* recombination. This intermediate energy level can also act as either
an electron acceptor or a donor, which allows the semiconductor to absorb visible light [120].
For example, wide bandgap semiconductors (such as ZnO and TiO>) can be photoactivated by
visible illumination, after defect engineering or doping. Defect engineering involves the
controlled introduction of native defects, such as vacancies or interstitials, while doping implies
the controlled incorporation of impurities into the crystal lattice [121]. Doping can be achieved,
during semiconductor synthesis using a trace element (e.g., metal) or a chemical doping agent
(e.g., non-metal). The dopant will be incorporated into the crystalline structure, to give the
material different electrical properties than the pure semiconductor. Doping with metals can
introduce extra levels in the forbidden band (as mention above), and doping with non-metal,
such as N, F, C, or P, can extend the light absorption of the semiconductor into the visible
region [120]. For instance, anion doping could affect the TiO2 conduction band, which has the
contribution of Ti 3d, 4s, and 4p orbitals. In this case, the anion doping usually changes the
valence band position and shifts it upward to narrow the bandgap of TiO2. For example, N is
the most suitable doping element as its p orbitals could contribute to shifting the VB due to the
synergic action with the O 2p orbitals, which can narrow the bandgap of TiO> by shifting the
VB upward [120].

There are two types of intrinsic semiconductors materials, n-type and p-type. The
semiconductor type depends on the position of the Fermi level (FL). If the F_ is near to the
conduction band, it is an n-type semiconductor. On the other hand, p-type is a semiconductor
with the Fermi level close to the valence band. For example, TiO> displays n-type
semiconducting properties due to a tendency for oxygen deficiency which manifests itself in
the formation of either oxygen vacancies or titanium interstitials; both are donor-type defects
[122]. ZnO is also an n-type semiconductor, due to the majority of carriers on this material are
electrons. However, NiO is a p-type semiconductor once have holes as the majority carriers.
For instance, Cu.O for example is an intrinsic p-type semiconductor [123]. However, the type
of intrinsic semiconductors materials can be changed by doping, forming extrinsic

semiconductors. Semiconductors can be n- or p-doped (Figure 1.9). n-Type semiconductors are
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created by doping an intrinsic semiconductor with an electron donor element (n- comes from
the negative charge of the electron). Here, the electrons are the majority carriers, and holes are
the minority ones. In this case, the Fermi level (FL) is higher than that of the intrinsic
semiconductor and lies closer to the conduction band than the valence band, as depicted in
Figure 1.9.

p-Type semiconductors can be formed by doping with an electron acceptor element (p- refers
to the positive charge of a hole). In opposition to n-type semiconductors, the p-type has a larger
hole concentration, which is the majority charge carriers. For p-type semiconductors, the F is

below the intrinsic Fr and lies closer to the valence band than the conduction band, as shown

in Figure 1.9.
hv 2E, T =
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Bt VB h VB
n-type p-type

Figure 1.9 — Representation of n- and p-type doping in a semiconductor.

Several semiconductors including TiO2, ZnO, CdS, WOs3, ZrTiOs, SnO2, CeO2 and CuO, have
been used, for photo(electro)catalysis [124-129].

Recently other semiconductor materials with improved photocatalytic response have been
reported, such as carbon nanotubes (CNT) [130], titanate elongated nanoparticles (TNP)
[79,87], transition metal sulphides (i.e. Bi»Ss, ZnS and Ag.S) [79,131], spinels, perovskites,
zeolites or activated carbon [92,132-134]. In addition, the synergetic combination of two or
more components, for example in TiO2/Ag2CrOs, [135] ZnO/Ag/AQ:WO4 or
Fe304/Zn0/CoWO04 [136,137], it allows the enhancement of photocatalytic properties due to
the absorption improvement in the visible range and also the decrease on the charge carriers
recombination. For instance, in order to have active photocatalytic materials under visible light,
a proficient way to extend the absorbance of TiO> to visible light can be the development of
heterojunctions of different semiconductors. These semiconductor combinations, such as
Fe203/TiO2, TiO2/Sn02, ZnO/Ti02, and WO3/TiO2, have been shown synergetic photocatalytic
effects when used for pollutants degradation [138-141].
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1.5.1 — Titanium dioxide (TiO2)

Titanium dioxide (TiO.) or titania, has become a reference as a photocatalyst, due to its
properties: high photocatalytic activity, abundance, low cost, chemical stability, low toxicity,
strong oxidizing activity and high reactivity [62,120,142]. This semiconductor may have minor
applications other than photocatalysis, such as in photovoltaic cells, sensors, or in cosmetics as
white pigment [62,143,144].

TiO2 can have three different crystalline phases, brookite, rutile, and anatase. Anatase structure
is considered the most efficient for photocatalytic applications due to its high electron mobility,
low dielectric density, and low dielectric constant, high hydroxylation capacity. Also, the VB
and CB positions, 2.14 and -1.06 eV, respectively, can promote the formation of reactive
oxygen radicals [77,145].

As an n-type semiconductor, with a Fermi level closer to the conduction band, the anatase phase
of TiO2 has an Eq ~ 3.2 eV. Therefore, it is more efficient in the UV than in the visible range.
Nevertheless, TiO2 presents two important drawbacks for a wide practical application in photo-
assisted processes. The high rate of recombination of photogenerated electron-hole pairs within
the semiconductor, it is a disadvantage of this material. Its high reported value of Eg is another
drawback of TiO, due to the low absorption of radiation at wavelength values below 388 nm
(E = 3.2 eV). This is the main disadvantage of TiO> application in solar photocatalysis since
the radiation below 400 nm (UV light) represents only ~ 4% of the sunlight that reaches the
Earth’s surface. Due to this, one of the main challenges to developing economically attractive
photocatalytic materials broadens the photocatalyst response into the visible-light region.
Consequently, it is desirable to develop photocatalytic materials that are active under visible
light, since this corresponds approximately to all solar spectrum. Therefore, the synthesis of
TiO2-based materials, such as titanate elongated nanoparticles (TNP), with a broader range of
light absorption and a lower charge recombination rate, is an important achievement towards

the development of successful photoactive materials [146].

1.5.2 — Elongated titanate nanoparticles (TNP)

Stimulated by the discovery of carbon nanotubes, one-dimensional nanostructured materials
have become an intense research topic in nanotechnology owing to their unusual properties and
awide variety of potential applications. In contrast with carbon nanotubes, titanate, and titanium
oxide nanotubes are readily synthesized using simple chemical methods and low-cost materials
[147].
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The interest in elongated titanate nanoparticles (TNP) appeared in 1998 after Kasuga et al.
described an alkaline hydrothermal synthesis methodology to produce these nanoparticles.
Kasuga et al. reported the synthesis of a new class of materials with a TiO-like crystalline
structure, mesoporous morphology, and a higher surface area (~ 400 m? g*) compared to TiO;
nanoparticles (usually between 20 and 50 m? g!) [148,149]. These new materials, TNP,
combine the properties and applications of conventional TiO2 nanoparticles, such as
photocatalytic activity, stability, low toxicity, and bandgap energy, with the properties of

lamellar titanates such as ion-exchange ability [88,150-152].

* Synthesis methodologies

Several methods have been described for elongated tubular nanostructures synthesis, such as
sol-gel [153,154], template-assisted [87,151,155], anodic electrochemical oxidation
[150,156,157] and hydrothermal treatment [158-162]. However, from those, the popular
approaches to titanate elongated nanoparticles production, are the chemical (templating) and
electrochemical (e.g., anodization of Ti) synthesis and the alkaline hydrothermal method.

The template-assisted methods make use of the morphological properties of a known and
characterized material (template) in order to build materials with a pre-defined morphology by
reactive deposition or dissolution. Within this method, a regular and controlled morphology, at
both nano- and/or micro-scale, associated with numerous shapes it is possible via adjusting the
morphology of the template [147]. However, extensive applications of this method may be
limited due to the high cost, insufficient characterization of template, and concern over long-
term (in)stability of nanotubular products [163-165].

The anodizing approach consists of an electrochemical method for the formation of a layer of
oxide on the substrate surface. This method can build highly ordered and crystallized array
films of TiO2-nanotubes immobilized on a titanium foil surface with controllable pore size,
good uniformity, and conformability over large areas [166]. So far, many attempts have been
successfully devoted to the formation of self-organized and freestanding TiO2 nanotube arrays
[167,168]. The advantage of TiO. nanotubes produced by anodization is that they are
effectively immobilized on a titanium surface during preparation. As a result, these nanotubes
have several possible applications, such as photocatalytic, self-cleaning surfaces or as
photoanodes for water splitting, where the efficiency of the photoanodic response depends on
the nanotube wall thickness [87].

Several reviews have been published dealing with the details of fabrication, characterization,

and applications of nanotubes produced by templating and anodization methods [169-172].
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However, the anodizing preparation process suffers from an environmental concern, as the
anodization of Ti foil must be processed using highly toxic hydrofluoric acid aqueous solutions
[172]. For example, Gong et al. reported the preparation of self-organized TiO, nanotube arrays
by direct anodization of titanium foil in an H.O-HF electrolyte at room temperature [166].
These nanotubes were oriented in the perpendicular direction to the surface of the electrode,
forming a continuous film. The nanotubes were open-end, and while the other end, which was
in contact with the electrode, was always closed. For example, TiO2 nanotubes immobilized on
a titanium surface have proven to be promising as photocatalytic and self-cleaning surfaces or
as photoanodes for water separation, where the efficiency of the photoanodic response depends
on the nanotube wall thickness [87]. In contrast to the templating method using alumina as a
template, the TiO2 nanotubes prepared by anodization are not usually regularly separated from
each other. Consequently, there are no well-developed hollows between the nanotubes, having
an agglomerate of them in the same direction.

Hydrothermal synthesis is a common method widely used in industry to prepare catalysts. This
method has been adapted to produce high yields of elongated titanate nanoparticles with pore

and unique nanotubular structures [87,148,172].

» Hydrothermal synthesis

The alkaline hydrothermal synthesis is one of the most widely used for TNP production (such
as TNT, TNW, TNF). In 1998 the pioneers Kasuga et al., reported the work of synthesis of
TNT using TiO, (anatase phase) as precursor at 110°C for 20 h in aqueous NaOH solution (10
mol dm). They proposed that titanate nanotubes were grown by the connection between the
two ends of Ti—OH forming sheets. This implied that the ultimate nanotubes were seamless,
and the acidic washing procedure played an important role in the formation of nanotubes [173],
concluding that the nanotubes were formed during the process of washing the treated with HCI
aqueous solution [148]. However, Du et al. observed, as later reported, the existence of titanate
nanotubes even before the acidic washing treatment [173,174].

The nanotubes prepared by Kasuga et al. method, had a surface area of ~ 400 m? g* and an
average diameter of 8 nm [148]. The authors suggested that the formation of TNT was achieved
by the slow dissolution of TiO2 nanoparticles in a concentrated solution of NaOH, according to

equation 1.25.

3TiOz +2 NaOH — NazTisO7 + H,0 (1.25)
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With the introduction of the alkaline hydrothermal synthesis of titanate nanotubes by Kasuga
et al. [148], many efforts have been made to adapt this approach to technological processes,
allowing an easy and cheap scale-up of industrial production.

Experimentally, the hydrothermal method requires the use of an autoclave with chemically
resistant vessels, in order to withstand such a concentrated alkaline solution at temperatures
range of 100 — 200°C. This method has the advantage of a single-stage process. In addition, low
hydrothermal temperatures are required to achieve the complete conversion of the precursor
into elongated titanate nanoparticles (TNP).

TiO2 anatase or rutile phases, amorphous TiOx, and even Ti metal can be used as a titanium
source [87]. However, it has been reported that the morphology of the resultant elongated
tubular nanoparticles (TNP) is strongly affected by the Ti precursor used. This is not the only
parameter that can control the morphology; the TNP formation can also be influenced by the
concentration of the alkaline solution, the hydrothermal time and the post-treatment processes
(acid treatment) [175]. For example, the ultrasonic treatment of the TiO> precursor or an
improvement in the fluid flow and mass transport during alkaline hydrothermal treatment, it
can modify the length of the TNP. The improvement of the dynamics of nanotube growth, in
the axial direction it is a direct consequence of the dissolved titanium (1V) species higher
availability. On the other hand, it has been reported that the mean diameter of the nanotubes
can be controlled by the synthesis temperature [147].

The influence of the reaction time in the TNT morphology was recently studied by Hfayedh et
al. [175]. The TNT were prepared using as precursor TiO> rutile nanoparticles in NaOH (10
mol dm) at 150°C, and the reaction time was 12, 24, 48, 72, 96, and 120 h. The authors
conclude that the obtained nanotubes exhibited a major number of layers and major external
diameter, which vary from 3 to 5 and from 7 to 11 nm, respectively, when reaction time increase
from 12 to 120 h. Deformations appeared at long reaction times (96 h and 120 h). For 120 h of
reaction, a deformation of some nanotubes occurred, and nanoribbons were formed, obtaining
a mixture of nanotubes and nanoribbons [175].

Identically, Ylhéinen et al. [195] reported, for the first time, the TNP preparation using an
amorphous precursor instead of crystalline TiO> as starting material, using temperatures
ranging from 130 to 220°C, varying the reaction time between 12 and 72 h. This new and swift
hydrothermal chemical route to prepare TNP, uses a commercial solution of TiCls as titanium
source to prepare an amorphous precursor, circumventing the use of hazardous chemical

compounds. The authors reported that for the samples prepared using t < 12 h no crystalline
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material was obtained. On the other hand, no changes on the XRD patterns of samples prepared

for 36, 48, and 72 h were obtained, as shown in Figure 1.10.

However, these samples have a distinct structural feature compared to those prepared for 12

and 24 h: by increasing the reaction time from 24 to 36 h and above, the diffraction peaks are

well defined and new peaks (at 26 ~ 35 — 24°) are detected (Figure 1.10).

H2Tis07, JCPDS-ICDD file No. 41-192, reported by Ylhdinen et al. [195].
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Figure 1.10 — XRD patterns of the titanate nanostructures prepared at 160°C and different reaction times: 12 h (TNP16012), 24
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The authors concluded that the reaction time has a strong influence on the TNP morphology, as

can be seen in Figure 1.11.
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Figure 1.11 — TEM images of titanate nanostructures prepared at 160°C during (a) 24 h, (b) 36 h, (c) 48 h, and (d) 72 h, reported
by Ylhdinen et al. [195].
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For a reaction temperature of 160°C, the sample synthesized with t = 24 h is very homogeneous
and consists of thin tubular nanoparticles, while the sample prepared at t = 36 h shows a mixture
of nano- and micro-scale particles. Broomstick-like large bundles characterize the sample
prepared at t = 48 h. Increasing further the reaction time up to 72 h, the broomstick-like large
bundles lead to TNP, yet with a larger diameter than the samples prepared at t = 24 h. For
reaction temperatures varying from 130 to 160°C, no significant differences were observed in
the length/diameter aspect ratio of the samples, all of them with very similar morphology.
However, samples prepared at 200 and 220°C for 24 h, larger diameters, in the range 75-100
nm were obtained. They conclude that the best experimental conditions to prepare very
homogeneous titanate nanotubular structures with a high length/diameter aspect ratio were at
160°C and 24 h [195].

The TNP preparation process presented in this work, resulted from a procedure developed and
previously optimized [176]. Unlike the alkaline hydrothermal synthesis reported by Kasuga et
al. [148], whose TNP are synthesized from TiO2 nanoparticles, the synthesis used during this
work innovates by the elimination of the TiO2 requirement to obtain titanate nanowires (TNW).
It is well known that the use of distinct commercial sources of TiO, powders, or of those
synthesized in distinct research laboratories often leads to nanostructures with different
microstructural characteristics, making the reproducibility of the TNP synthesis process highly
dependent on the TiO; starting material and far from being well established [195].

During this work, two different ways were proposed starting with an amorphous precursor to
obtain TNW and starting to TiO. nanoparticles to obtain titanate nanotubes (TNT). All
procedure details are described in Chapter 9. This synthesis methodology is an efficient, low
cost and easily scalable technique for TNP production therefore it can be very attractive for

industrial applications.

» TNP crystalline structure

It has been observed that the chemical composition of TNP strongly depends on the
experimental conditions used during synthesis. In order to explain the atomic organization of
TNP, some crystalline structures for these materials have been presented and discussed in the
literature such as lepidocrocite NaxTizx40x404 Or HxTioxs0x404, with O @ vacancy in the
crystalline lattice, NaxTiz07, H2Tis0y, Naz-xHxTi307, H2TisO9(H20) or
H>Ti204(OH)2/NaxTi204(OH)2/Naz-xHx Ti205(H20) [151,152,177].

The most accepted by the scientific community, for alkaline hydrothermal synthesis processes,
is NaxxHxTi307 (0 < x < 2) chemical structure of TNP [146,151,152,178,179]. Figure 1.12
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shows a schematic representation of the crystallographic structure of TNP (NaxTisO7 and
H.Ti307). The Na'/H* concentration can be adjusted after synthesis by Na*/H" ion-exchange
processes by treatment of the nanoparticles with a dilute acidic solution. In this way, it is
possible to explain the general formula: NaxxHxTizO7 with 0 < x < 2, where x depending

strongly on the TNP washing conditions (or acid treatment).

gttty Yptaty
ity Hptets.

@ Sodium < Hydrogen * Oxygen

Figure 1.12 - Crystallographic structures of (a) Na2TisO7 and (b) H2TizO7 (adapted from [180]).

The NazTisO7 conversion to HoTisO7, which is a related structure, requires an ion exchange
process. When Na.TisO7 is immersed, for example, in diluted hydrochloric acid or nitric acid
solution, the Na* ions in the titanate matrix are replaced by H3O* or H* ions to form H,TisOz,

as shown in equation (1.26) [181].

Na2TizO7 + 2 HCl — H2TizO7 + 2 NaCl (1.26)

Through the hydrothermal treatment, shown in reaction (1.25), some of the Ti—-O-Ti bonds of
the TiO: precursor break and a six-coordinated monomer [Ti(OH)e]2 is formed and saturated.
This monomer is unstable, and it combines oxolation or olation to form nuclei when they grow.
They become thermodynamically stable, and their size exceeds the critical nuclei size [182].
During the growing process, thin nanosheets can be formed and integrated into layer unit cells.
The growth of these nanosheets is isotropic, being the growth along the b-axis the fastest, which
leads to the formation of 1D Na>TizO7 nanoparticles. The crystal structure of Na TisO7 is
monoclinic with layers of (TisO7)? (or [TiOs]) octahedral sites with shared edges and vertices,
and with Na* cations located between the [TiOs] layers (Figure 1.12). The high mobility of
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these Na* ions intercalated is one factor responsible for the high efficiency in ion exchange
processes of these materials since they can easily be replaced by other cationic species,
including proton (H™) [180,183]. For example, Bem et al. [146] reported the sodium/proton
replacement on the titanate nanoparticles prepared using an amorphous precursor (the same
used by Ylhdinen et al. [196]). They reported that the pH influence in interlayers distance. After
an ion-exchange acidic treatment, the interlayer distance in the crystalline structure due to the
Na* — H* replacement changed. They analyzed the TNT preparation at pH 5, 7, and 9. A
decrease in the dimensions was observed with the pH decrease, as shown in Figure 1.13.
Furthermore, the TNT-pH5 sample (Figure 1.13.(c)) has the lowest interlayers distance due to
a complete sodium replacement [146].

10 nm

Figure 1.13 — HRTEM images of the (a) TNT-pH9, (b) TNT-pH7, and (c) TNT-pHD5, reported by Bem et al. [146].

A different optical behavior was observed depending on the Na*/H* samples’ content. Marques
et al. [184] reported the intercalation of Ce** and Ce®* within the titanate nanotubes layers by
the ion-exchange method. Santos et al. [185] showed several metals intercalation (Ce**, La®",
Co?" and Cu?") in the titanate nanotubes, by Na* replacement. The authors used these new
materials as catalysts in Knoevenaguel condensation. The results showed that the Ce-containing
TNT had a catalytic performance for of3,-unsaturated esters production 5-7 times higher than
pure TNT, even after five times of repeated uses, due to the accessibility of both Ce** species
in the interlayers region and CeO> nanoparticles distributed on the external walls of this sample
[185].

The intercalation of larger species, for instance, organic entities, is possible but is dependent on
the ion-exchange ability of the TNP and on the organic molecules size and protonation
equilibrium constants. Ferreira et al. [186] reported the cationic dyes sensitization of elongated

titanate nanoparticles. In this work the intercalation of thionine, methylene blue, crystal violet,
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and rhodamine 6G in the TNP materials was studied. The sample with the highest sodium
content (NaTNP) was the best dyes up taking material. However, for the protonated titanates
(HTNP), only the thionine molecules were incorporated, due to the reduced dimension of the
HTNP interlayers [186].

* TNP morphology

TNP have been reported in the literature as cylindrically shaped nanotubes with a hollow cavity
along its length, and also as nanofibers (TNF), nanowires (TNW), nanorods and nanosheets as
illustrated in Figure 1.14 [147].

Figure 1.14 — Schematic representation of elongated titanate nanoparticles: (a) multi-wall nanotubes, (b) multiple-wall
nanowires, (c) nanorods, (d) rectangular nanofibers and (e) nanosheets.

Titanate nanotubes (TNT) are long cylinders with a central hollow cavity (Figure 1.14(a)). They
are always multi-layered walls (the number of layers can change between 2 to 10) and usually
straight with a relatively constant diameter. Structurally, nanotubes can be scrolled, “‘onion’’
or concentric in type. Occasionally, in a single nanotube, different numbers of layers can be
observed in the two walls [147]. This is usually produced by folding nanosheets (Figure
1.14(e)), and there are two types of nanosheets: single-layer nanosheets, which are isolated
(100) planes of titanates, or multilayer nanosheets, which are several conjugated (100) planes
of titanates. Both types are very thin and could be found in planar or curved shapes, with < 10
nm of thickness and > 100 nm of height and width. Nanosheets are frequently observed in the
initial stage of the nanotubes’ preparation or as small impurities in the final product, when
obtained through an alkaline hydrothermal process [147].

Nanowires and nanorods are long solid cylinders with a circular base (Figure 1.14(b) and (c)).
Usually, nanowires are longer than nanorods. TNW have layered structure (multi-layered
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morphology) without a center cavity. Nanorods morphology does not have an internal layered
structure.

Nanofibers (Figure 1.14(d)) are long parallel-piped titanates, have length typically in the range
of 10 - 100 nm, and tend to have good crystallinity. These are usually produced during alkaline
hydrothermal reactions at high temperatures and can be found in straight, as well as curved
forms [147].

* Mechanism of formation

The mechanism of TNP formation has already been studied by many researchers including Peng
et al. [187]. A possible formation mechanism in which TiO> reacts with NaOH to form
(Tiz07)%, as an intermediate product, it has been reported.

In general, the process of transformation of TiO precursor to elongated titanate nanoparticles
can be considered to take place in several phases. Firstly, partial dissolution of TiO2 precursor
accompanied by epoxial growth of layered nanosheets of sodium tritinatates occurs, and after
exfoliation of the nanosheets is observed. The crystallization of dissolved titanates to obtain
nanosheets result from mechanical tensions, which will induce the curving and wrapping
nanosheets to nanotubes, and after that, a growth of nanotubes along the length occurs [87,147].
The single intermediate layer and multi-layered titanates nanosheets have a key role during the
precursor transformation under alkaline conditions. These nanosheets can scroll or fold into a
nanotubular morphology [147]. There is a strong consensus that this intermediate product has
a two-dimensional plate morphology, resulting from the stacking of a reduced number of
lamellae, nanosheets. The continued nanosheets’ growth tends to curl up on themselves, leading
to the formation of nanotubes (Figure 1.15) [188,189]. It has been suggested that the hydrogen
deficiency on the surface of (TizO7)* nanosheets cause asymmetry of charges resulting in
oxidation state variations or cation deficiency. This provides the driving force (surface tension)
for the separation of the (TisO7)? nanosheets and therefore resulting in folded layers for the
elongated morphology of the TNP.

The number of layers on TNP depends on the Coulomb energy, which it is induced by the
negatively charged (TisO7)? layers. Charges equilibrium is achieved due to Na' ions are
between the TNP layers due to the strongly alkaline medium used. Coupling energy results
from the contribution of an uneven distribution between the two sides of the (TisO7)? sheet and

the usual elastic deformation energy of the folded crystalline sheet [190].
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Figure 1.15 — Schematic representation of the curl up process of TNT. (a) Exfoliation of the NazTizO7 nanosheets; (b) winding

a nanosheet in the direction of the TNT main axis [010]; (c) top view of the coiled winding forming a multi-layered TNT.
(Adapted from [189])

Zhang et al. reported that single surface layers in an asymmetrical chemical environment, due
to the imbalance of H* or Na* ion concentration on two different sides of a nanosheet, gives
rise to excess surface energy, results in bending, as illustrated in Figure 1.16(a) [147,191].
When both sides have a symmetrical chemical environment, both spring constants have similar
values (Figure 1.16(a)), and as a result, all tensions are compensated, and the plane is straight
[87]. When the trititanate nanosheets have a proton-distribution asymmetry, both sides have
different free surface energy values (spring constants), and, in order to compensate imbalance
in surface tensions, the plane bends towards the surface with a higher spring constant value.

During the folding process, strain energy arises and prevents work against bending [87,147].

—/\/\/\/\— DissolutionI l Crystallization

Symmetrical environment
l Curving

Asymmetrlcal environment = Na,Ti;O; nanosheets

Figure 1.16 — Schematic representation of the driving forces for bending titanates nanosheets under alkaline hydrothermal
conditions. (a) Asymmetrical chemical environment resulting in different surface tensions; ki and k2 are spring constants on
each side of the nanosheet. (b) Imbalance in layer widths resulting in shifting of the layer and bending of nanosheets. (Adapted
from [87])

The bending multi-layered nanosheets can also occur by the mechanical tensions that arise
during the process of dissolution/crystallization of nanosheets (Figure 1.16(b)). During
spontaneous crystallization and rapid growth of the layers, a variation in the width of the

different layers can occur. The unbalance in the width of the layer may create a tendency for
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the layers to move within the multi-walled nanosheet to decrease excess surface energy. This
can result in the bending of multi-layered nanosheets (Figure 1.16(b)). During the simultaneous
shift of the layer and fold of the nanosheet, the surface energy gain is enough to compensate for
the mechanical tensions that arise in the material during the curving and wrapping into
nanotubes. The Kinetic rate of curving the nanotubes might control the diameter of the
nanotubes produced, which can be adjusted by changing the synthesis conditions [87,147].

It is interesting to note that the axis of nanotubes (vector [010]) does not always coincide with
the axis of nanowires (vector [001]). This provides an insight into the growth mechanism of
titanate nanotubes. The fact that nanowires crystallize, preferably along the crystallographic
c-axis, suggests that the rate of dissolution/crystallization along this axis is maximized. Under
certain conditions, an imbalance in nanosheet width it is expected along the c-axis (Figure 1.16
(b)). Thus, the bending of nanosheets will occur around the b-axis. When the curved nanosheet
closes the loop, the direction of the fastest growth will disappear, and there will be only two
directions for nanotube growth, namely, the radial direction (a-axis) and the axial direction
(b-axis). Kukovecz et al. reported that the nanoloops provide seeds for further growth of
nanotubes with the preferable direction of growth being the b-axis. If the nanosheet rollup to
tubes of conical shape occurs, then further growth will result in the formation of closed-end
elongated nanoparticles, being formed the nanowires [87,147,192].

» TNP modification and functionalization

Despite their relatively high charge recombination rate (however, smaller than the TiO2) and
wide bandgap (~ 3.3 eV), the TNP’s ion-exchange ability makes them potential materials for
photocatalytic and solar energy cells’ applications [82,193-196]. However, the limited radiation
absorption capacity in the visible region represents one of their limitations; if solar-based
applications are intended. In order to shift the TNP band absorption to the visible, many studies
have been performed with the purpose of photosensitizing these materials. Under this context,
several methods have been reported, namely metal and non-metal doping [197,198], co-doping,
ion-exchange, and surface sensitization with organic molecules or other semiconductor
nanoparticles [199]. These methodologies have been used to improve the photochemical
performances of TNP, mainly by shift the absorption into the visible range and/or promote the
reduction of the charge recombination rate.

Surface sensitization with metal/non-metal is an outstanding technique to renew TNP electronic
properties and improve the photocatalytic efficiency. Metal dopants play an important role in

the separation of electron-hole pairs during light irradiation by decreasing the e/h*
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recombination rate, due to the introduction of new intermediate levels in the forbidden zone.
These dopants can also shift the optical absorption to the visible range, due to the electron trap
mechanism, surface plasmon resonance effect, incorporation of new energy levels and
generation of gap states by interaction with VB states [200].

The synergetic combination of two or more semiconductors, with improved and/or innovated
photocatalytic properties, it has been one of the most popular methods for accomplishing the
modification of the TNP. For example, zinc sulfide (ZnS) is a direct semiconductor that shows
interesting properties, especially in the nanometer range, and it has been used in applications
on several technological fields, including photocatalysis [201]. Studies have revealed that ZnS
nanoparticles are good photocatalysts due to the rapid generation of electron-hole pairs by
photoexcitation and highly negative reduction potentials of excited electrons [202,203]. Naudin
et al. reported a new ZnS/TNP composite materials with high photocatalytic activity for organic
pollutants removal. In this case, the authors concluded that this improvement is due to a
decrease in the recombination rate of the photogenerated charge carriers due to the ZnS
presence in the TNP surface [86].

The combination of TNP with active photosensitizers in the visible range should increase the
optical absorption of the nanocomposite material. For example, the synergetic combination of
AQ>S, ZnS and TNP was recently reported [79]. The Ag2S(ZnS/TNP) nanocomposite has a high
photocatalytic activity for phenol and their by-products photodegradation (Figure 1.17).

o, 02'+ pollutants — degradation products
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Figure 1.17 — Band structure of Ag2S(ZnS/TNP) particles and the mechanism of phenol photocatalytic degradation (adapted
from [79]).
Due to the relative energetic positions of TNP, ZnS, and Ag»S valence bands (Figure 1.17), the
holes generated in TNP and ZnS particles react with OH™ or H>O oxidizing them to "OH

radicals. On the other hand, the h* transferred to the VB of Ag:S, acts as holes scavenger,
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promoting carrier separation. In this system, the Ag.S surface act as catalytic sites for phenol
oxidation too. Simultaneously, some of the e” from Ag.S and TNP conduction bands were
transferred to ZnS, enhancing the separation of electrons and holes and reducing the

recombination rate [79], as illustrated in Figure 1.17.

* TNP applications

Nowadays, elongated titanate nanoparticles applications has stimulated the interest of many
researchers. Many research studies for the TNP applications have been reported in several areas,
such as chemistry, physics, biology and medicine.

In recent years, few studies have been published focus on nanostructured elongated titanate and
TiOz-based materials [87,124,150,159,204]. These materials, depending on the synthesis
conditions and/or post-treatment modifications, can have various types of applications. For
example, the TNP synthesized by the hydrothermal method has a high surface area and ion-
exchange ability, which make these materials very suitable to act as substrate/carrier for
different compounds, including pollutants [146]. Their high stability, high surface area, and low
cost make them very attractive for photocatalysis [205].

As mentioned above, the TNP ion-exchange ability offers an opportunity for further
modification of TNP with other ions to improve their characteristics, such as the adsorption and
catalytic activity. The TNP are attractive in several fields, including organic molecules
immobilization and adsorption [147,186] and photocatalysis [195], once the hollow TNP
tubular structure improves the organic molecules contact and also the photo-produced carriers’
motion which prevents charge recombination during photocatalysis. Previous works have
demonstrated that pristine, metal doped and sensitized TNP possess adsorbent/photocatalytic
affinities for several organic pollutants [152]. Related to the layered structure of the TNP,
significant attention has been given in the field of photon-mediated water decomposition, fuel
cell electrolytes, adsorbent, lithium ion batteries (LIBs) and wettability control [189]. These
titanate elongated nanoparticles can also be used in electrochemistry, solar cells, hydrogen
storage, biomedicine [87,150,159,204], sensors [206], photo(electro)catalysis [142,207,208],
photovoltaic generation, dye-sensitized solar cells (DSSC) and direct alcohol fuel cells
(DAFCs) [151,209-211]. For these applications, the control of TNP dimensions and properties
is essential for the achievement of enhanced performance.

Very recently, Abbas et al. [212] reported a review of advances in the use of TiO.-based
nanotubes powder in different applications. The authors reported that these materials have

several applications in different areas, biological (e.g., antibacterial, sensing and drug delivery),
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environmental (sensing and pollutants degradation), energy storage (supercapacitor), and
energy conversion (solar-cells and water splitting).

Mor et al., reported the preparation of transparent titanium oxide nanotube-array thin films, by
adonization method, for application as sensors [206]. These optically transparent nanotube-
array films can serve as excellent hydrogen sensors, exhibiting a four-order magnitude drop in
resistance with exposure to 1000 ppm hydrogen at room temperature, and negligible sensitivity
to other reducing gases like methane, carbon monoxide, and ammonia. The sensors are
mechanically and electrically stable with operation air or oil, over a tested temperature range
of 25°C to 250°C. The authors showed that these transparent films could also be actively used
in photovoltaic and anti-reflection coating applications [206].

Mydin et al. [213], reported TiO2-nanotubes arrays for biomedical implants and nanomedicine
applications. These materials provide a promising approach for advanced biomedical and
nanomedicine implant applications. The TiO.-nanotubes arrays have gained considerable
interest as biomedical implant materials and nanomedicine applications (such as
nanotherapeutics, nano diagnostics, and nano biosensors). In bio-implants studies, the
properties of these nanostructures could modulate diverse cellular processes, such as cell
adhesion, migration, proliferation, and differentiation. Furthermore, this material structure
provides larger surface areas and energy to regulate positive cellular interactions toward
mechanosensitivity activities.

Recently, M. Nair et al. [214] reported the application of titania nanotubes for orthopedic bone
implants. These materials were prepared by electrochemical anodization, and their influence on
osteoblast cells and staphylococcus aureus and the he corrosion resistance of TNT were
analyzed. They showed that the TNT has a good interaction of osteoblasts or their lineage cells
with the implant surface, and the bacterial interaction study and biofilm formation on the
implant was successfully obtained. The authors reported that TNT has drastically improved the
properties of orthopedic implants. Another work with titanium dioxide nanotubes for
biomedical applications was recently reported by Mansoorianfar et al. [215]. The authors
showed modification of TiO.-nanotubes with vancomycin (an antibiotic) immersing and
electrophoretic to adsorb the antibiotic on the surface and inside the nanotubes. The
vancomycin-modified nanotubes, anodized at 60-75 V, have signified strong antibacterial
behaviors against S. aureus bacteria. The authors concluded that this anodization potential
might be considered as an optimum voltage in point of drug loading/releasing, antibacterial
activity, and cell/protein attachment studies [215]. This work can be seen from two points of

view, one is the removal of an antibiotic by adsorption on nanotubes (producing drug-modified
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nanotubes), and the second is the utilization of these drug-modified nanotubes with antibacterial
properties in bone implants.

Dong et al. [216], reported novel Pt nanoclusters/titanium dioxide nanotubes composites (nano-
Pt/TiO2-nanotubes) for hydrazine oxidation. The nano-Pt/TiO2-nanotubes showed excellent
electrocatalytic activity for hydrazine oxidation, and this may be attributed to the good
dispersion of Pt nanoclusters as well as the unique properties of TiO2-nanotubes supports. They
reported that the mechanism of hydrazine electrochemical oxidation on nano-Pt/TiO.-
nanotubes implies that TiO2-nanotubes are the promising supporting materials for noble metals
catalysts with high activity.

Recently, the preparation of modified TiO, nanostructures modified with Rh3O, and Rh°
nanoparticles to be used as a photocatalyst in Hz production it has been reported by Camposeco
et al. [217]. In this reported work, Rh on TiO2 nanostructured photocatalysts were obtained by
the sol-gel (nanoparticles) and hydrothermal (nanotubes) methods and tested in the water-
splitting reaction for hydrogen production using a sacrificial agent (ethanol) in aqueous
solution. The authors showed that the Rh/TiO2 nanotubes have higher photocatalytic activity
for hydrogen production than the Rh/TiO> nanoparticles. The photocatalytic improvement
obtained with the Rh modified TiO2 nanotubes was supported by the combination of charge
separators represented by Rh*® species that can act as electron/hole traps. The synergistic effect
between the Rh*® species and electrons transferred from ethanol to different nanostructured
TiO2 species improved the Hz production remarkably.

Mejia-Centeno et al. reported the NO selective catalytic reduction (SCR) with NHs using
trititanic nanotubes (H2TizO7) modified with V20s, V.0s—WO3 and Al>Os as catalysts [218].
The authors showed that the V20s/H2Ti307, V205—WO3/H2Ti307, and Al203/H2TizO7 catalysts
have high activity and selectivity for the NO reduction with NH3, and a catalytic enhancement
was observed by adding WO3 and Al>Oz to the HoTisO7. The V20s5—WO3/H-TisO7 catalyst
reached 96% of NO conversion at 400°C, whereas, at 480°C, 98% of NO conversion is reported
for Al,O3/H2TizO7 catalyst. Furthermore, the high NO conversion (97%) was obtained at low
temperatures (240°C) with the V20s/H,Tiz0.

He et al. [219] reported the preparation of Pt modified NaxTizO7 nanowires, for methanol and
ethanol electrooxidation. The authors compare the Pt/Na,TizO- catalyst with other common Pt
based catalyst; Pt supported on carbon black (Pt/C). The NazTisO7 nanowires were used as
support for Pt nanoparticles distribution. Due to the good ion-exchange properties of Na,TizO7
nanowires, the Pt nanoparticles of about 8 to 10 nm in diameter are evenly distributed on the

surface of Na TisO7 nanowires. The Pt/Na;TisO7 electrocatalyst displays better catalytic
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activity and higher catalytic steady current for the methanol and ethanol electrooxidation in
both acidic and alkaline media than Pt/C electrocatalyst at the same loading of Pt as a result of
more effective Pt catalyst sites. The current density enhancement for the Pt/Na,TisO7
electrocatalyst is more obvious under alkaline conditions than acidic conditions. These findings
suggest promising applications of the Pt/Na>TizO- electrocatalyst in direct alcohol fuel cells
(DAFCs) [219].

Grandcolas et al. [220] reported the antibacterial activity of silver oxide nanoparticles loaded
on titanate nanotubes (AgO-TNT) and also the combination with photocatalysis.
Decontamination under either dark conditions or visible light irradiation showed excellent
antibacterial activity. The enhanced antibacterial activity was observed in visible irradiation.
They showed that TNT are good support for silver nanoparticles and their related effects on
disinfection. Silver oxide nanoparticles enhance the photocatalytic activity of TNT in the visible
range by absorbing visible radiation and minimizing electron-hole recombination during
photoexcitation.

Li et al. reported the application of hydrogen titanate nanowires modified by lithium ion
intercalation in high-performance rechargeable lithium-ion batteries and high-power
electrochemical supercapacitors. The authors conclude that this electrode can works smoothly
at various charge/discharge current densities and even at very high discharge current density;
hence, they have an excellent high rate cycling stability [221].

Recently, Monteiro et al. reported a CO2 conversion to propylene carbonate catalyzed by ionic
liquid (IL) containing organosilane groups supported on titanate nanotubes/nanowires [222].
They showed that TNT and TNW materials have good catalytic activity after CO2 cycloaddition
to propylene oxide. IL-TNT and IL-TNW exhibited high catalytic performance (turnover
frequency of 46 and 49 h™1, respectively) and 100% selectivity in propylene carbonate
(propylene/catalyst molar ratio = 580, 4.0 MPa of CO, 383.15 K, 6 h) [222].

Previous works have demonstrated that undoped, metal-doped and semiconductor sensitized
elongated titanate nanoparticles have high photocatalytic activity and adsorption capacity for
various organic pollutants [86,152,195]. For example, TNF modified with Bi.S3 and ZnS have
shown to be promising as adsorbents and photocatalysts of organic pollutants [131], and
Vitamin-B12 sensitized TNW efficient in dyes degradation [223]. Another recent work has
shown that TNF co-modified with Ag>S and ZnS was very efficient in the degradation of phenol
and its by-products [79].

In conclusion, several emergent pollutants’ removal methodologies have already been

proposed, but the definitive answer to solve this pollution issue is far from being found.
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The main goal of this PhD work was the preparation of new elongated titanate nanoparticles,
using a hydrothermal approach, to be used as catalysts in the degradation of emergent
pollutants. This research project proposed the synthesis of TNT and TNW modified by surface
sensitization and metal doping and/or ion-exchange processes, in order to change the intrinsic
properties of TNP, mainly physical/chemical adsorption and photo(electro)catalytic. Therefore,
new modified materials with improved affinity/ability and enhanced adsorption and
photo(electro)catalytic properties for pollutants’ removal/degradation were expected to be
obtained. Experimentally, pollutants’ removal was achieved by a synergetic combination of
selective adsorption and photo(electro)catalytic degradation processes, using the synthesized
modified TNP as adsorbents and also as photocatalysts. Caffeine, theophylline, sulfamethazine,
phenol and organic dyes are examples of the model pollutants used. These new elongated
titanate nanoparticles were modified by sensitization with organic molecules/groups, such as
ethylenediamine (Chapter 2) and silver nanoparticles (Chapter 3), and also modified by metal
ion-exchange or doped and co-doped with metals (such as Co, Ru and Fe/Mn), Chapters 4-7.
Furthermore, another goal of this research was the TNP immobilization in films to be used in
photo(electro)degradation, and for the fast recovery and reuse of the catalyst (Chapter 8). This
part of the work was performed at the University of Warsaw in Poland under Professor Doctor
Magdalena Skompska supervision during a three-month internship.
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Chapter 2 — Amine modified titanate nanowires and nanotubes

2.1 - Introduction

The properties of the elongated titanate nanoparticles can be changed by sensitization with other
semiconductors, metallic nanoparticles or organic molecules. The combination of organic-
inorganic host lattices, e.g. elongated titanates, with organic entities, not only through
intercalation/ion exchange but also by grafting and sol-gel procedures, it has been seen as a
promising synthesis methodology to produce new organic-inorganic hybrid materials with
multifunctional performances [1]. Several works have been published related to this issue,
including co-sensitization with zinc porphyrin and CdS [2], or vitamin B12 hybridization [3].
Also, the incorporation of nitrogen species, by doping or adsorption, it has been seen as a
promising approach to modify the optical and catalytic properties of TiO2-based materials,
including titanate layered nanoparticles [4]. The use of small molecules containing nitrogen,
like amines, it is described as a route to modifying the surface adsorption properties and also
for doping TiO2-based materials [5-7]. There are many discussions about the mechanism of
interaction of ionic surfactants with metal oxide nanoparticles, with some models suggesting
the presence of electrostatic interactions, covalent bonding, and the formation of bilayers and
micelles. However, it is well-known that amines can be adsorbed on the titania surface at Lewis
acid sites, via hydrogen bonds or electrostatic interactions [8,9].

Anion doping (e.g. I, N, C, F) is commonly employed to increase the photocatalytic activity of
a semiconductor under visible light. In most of the recently reported studies, N was used as a
non-metal dopant to improve the water-splitting efficiency of TiO2. The bandgap energy of
TiO2 is narrowed, after N modification, through the generation of gap states by the interaction
of N 2p and O 2p states. The mixing up of orbitals uplifts the valence band (VB) level of TiO>
while the conduction band (CB) remains unaffected. Consequently, the photo-reduction ability
of TiO2 is unchanged; however, its oxidation capability is decreased [10]. N-doping is an ideal
candidate to tailor the properties of the semiconductors, because nitrogen can be easily
introduced in the TiO> structure, due to its comparable atomic size with oxygen, its low
ionization energy, and high stability [11-13]. Di Valentin et al. [14] employed density
functional theory (DFT) to demonstrate interstitial nitrogen as m character NO within anatase
TiO.. It was also found that there is no significant shift in the TiO, CB or VB. The anti-bonding
7* NO orbitals between the TiO2 VB and CB can improve the visible light absorption by acting
as a stepping stone for excited e” between conduction and valence bands [13]. The N-TiO can

be synthesized using various nitrogen-containing chemicals (e.g. urea, ethylamine, NHz or
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gaseous nitrogen) at high temperatures or inductively coupled plasma containing a wide range
of nitrogen precursors, and the nitrogen atoms are predominantly on the TiO> surface [13].
Many results describe nitrogen doping as a substitutional element on the oxygen lattice sites or
at interstitial sites [13]. There is some conflict in the literature concerning the preferred N sites,
substitutional or interstitial, which induce the highest photocatalytic action [13]. Independently
of the origin of visible light absorption in substitutional or interstitial nitrogen discrete energy
states, the low photocatalytic efficiency is mainly attributed to the limited photo-excitation of
electrons in such narrow states, the very low mobility of the corresponding photo-generated
holes and the concomitant increase of the recombination rate due to the creation of oxygen
vacancies by doping [13].

For the modification of semiconductors with amine groups, several organic molecules can be
used, such as ethylenediamine (EDAmine), diethylenetriamine and (3-aminopropyl)
trimethoxysilane [15-18]. These molecules containing nitrogen, carbon, hydrogen, and oxygen,
can change the surface adsorption properties and/or doping the TiO2-based materials [19-22].
Li et al., reported a N-doped TiO. photocatalyst prepared by a sol-gel method using
ethylenediamine (Figure 2.1) as a nitrogen source. The obtained results demonstrated an
improvement in the hydrogen production rate and for methyl orange photodegradation
performance when compared with TiO> [23]. Several other investigations have also shown that
the N doping can efficiently improve the photocatalytic activity of TiO, [24,25].

NH
HZN/\/ 2

Figure 2.1 - Representation of ethylenediamine (EDAmine) molecule.

Based on the mentioned above, in this research, the modification of elongated titanate
nanoparticles (TNT and TNW) by sensitization of the surface with organic species, such as
amine groups, using ethylenediamine (EDAmine) [9] was proposed. These new hybrid
materials with adsorption and photocatalytic improved properties were prepared to be used as
catalysts in emergent pollutants photodegradation.

In this study, caffeine, theophylline, and phenol were used as model pollutants, for

photodegradation under UV-vis and visible irradiation.
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2.2 - Synthesis

Titanate nanotubes (TNT) and titanate nanowires (TNW) were prepared using a hydrothermal
approach in alkaline medium, starting from TiO2 nanoparticles and amorphous precursors,
respectively. These nanostructures were then modified with ethylenediamine (EDAmine), in
acetone at reflux temperature, to produce NTNT and NTNW modified samples. A detailed
description of the experimental procedure is presented in Chapter 10 (Methods and

experimental).

2.3 — Structural, morphological and optical characterization

The identification and structural characterization of the prepared samples were performed using
X-ray powder diffraction (XRD). The obtained diffractograms for the pristine, TNW and TNT,
and EDAmine modified samples, NTNT and NTNW, are presented in Figure 2.2.
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Figure 2.2 - XRD patterns of the TNW and TNT before and after sensitization with EDAmine.

The hydrothermal treatment of the amorphous precursor and TiO2 nanoparticles in alkaline
aqueous media at 160°C for 24 hours results in the production of two crystalline solids, TNW
and TNT, respectively. For both samples, the XRD patterns are in agreement with the existence
of a crystalline layered structure, type NaxxHxTi307 (0 < x < 2) [26,27], with the diffraction
peak at 26 ~10° being characteristic of the interlayer distance between the TiOs sheets
and the 24°, 28° and 48° peaks typical of tri-titanate 1D nanomaterials [28]. Comparing
the TNT and TNW samples, it is perceptible a slight shift, for higher 26 values, of the peak at
26 ~10° for the TNW sample. Identical behavior has been described for titanate elongated
powders with different Na* contents [27]. These Na* ions are localized between the TiOs
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layers and can be easily replaced by H*, or other cationic species, due to the high ion
exchange ability of the layered titanate materials [29]. In this case, the difference observed
on the 26 values, for the TNT and TNW materials, 9.38° and 9.92°, respectively, can be
attributed to Na™-H* partial replacement due to the difficulty of controlling this parameter
during the H2O washing process. This fact was confirmed by X-ray photoelectron
spectroscopy (XPS) analysis, after which values of 14.16 and 9.48% were found for
sodium contents in TNT and TNW samples, respectively. However, it must be said that
this parameter didn't influence the results once the samples used for amine sensitization
(TNT and TNW) were the same as those used for the characterization process.

After the EDAmine modification process, no shifts on the 10° or other peaks were observed
(Figure 2.2) suggesting that no amine molecules were incorporated in the interlayers, replacing
the Na* ions.

Due to the small dimensions expected for these powders, their morphology was analyzed by
transmission electronic microscopy (TEM). The TEM images for the TNW and TNT samples
are depicted in Figure 2.3.

v A \ 100nm | . " 100nm |
Figure 2.3 - TEM images of the (a) TNW and (b) TNT samples.

Images of both samples show very thin and elongated particles (Figure 2.3). However, a well-
defined nanotubular morphology was observed for TNT sample in contrast with the not well-
defined nanowires observed for the TNW sample. These samples (TNT and TNW) were
prepared using the same experimental conditions (time, temperature and solvent) but distinct
precursors; TNT was produced using nanocrystalline TiO; as the starting material while an
amorphous precursor was used for the TNW synthesis. These results are in accordance with a

previously reported work [30], but in disagreement with other reports, indicating that precise
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control over the experimental conditions, mainly temperature and time, are essential to tailor
the morphology of titanate nanotubes, nanowires or nanobelts [31,32].

The dimensions of the TNW and TNT particles were estimated by direct images measurements
and diameter values of 4.5+1.4 nm and 6.5+2.6 nm were found, respectively. No morphological
differences between the samples before and after EDAmine sensitization were observed (results
not shown). Energy dispersive X-ray spectroscopy (EDS) analyses were performed in all the
samples confirming Ti and Na existence. The presence of N, from the amine, was not
observed due to equipment limitations. However, the existence of this element was,
confirmed later by XPS, as discussed below.

Since the surface area is an important parameter to evaluate the catalytic performance of
materials, the samples were characterized by N2 adsorption-desorption measurements and the
B.E.T. surface area of the samples was also calculated. TNT sample presents a surface area of
164.94 m? g and a slight decrease in this value, for 158.29 m? g was observed for the NTNT
sample. A 20% decrease was observed in the surface area of the TNW sample due to the
EDAmine incorporation, from 233.66 m? g* to 185.91 m? g respectively. These results are
following previous reports describing different amino-functionalization of metal oxide particles
[33] and can be seen as an possible effect of the increasing weight of the sample after
modification.

The electronic structure of pristine (TNW and TNT) and modified samples (NTNW and NTNT)
was analyzed by XPS. As an example, the survey spectrum of NTNW is shown in Figure 2.4.
The Ti 2ps2 and Ti 2p1e peaks, for TNW sample, appears at 458.641 and 464.441 eV,
respectively. After EDAmine sensitization, and for sample NTNW, a very small shifts to
458.717 and 464.517 eV were observed for those peaks, respectively. This increase of Ti 2p
binding energy indicates an increase in the electro-positivity of the titanium ions on the catalyst
surface [34]. No signals in the 456.2 — 457.4 eV range are visible, indicating no Ti®** in
the structure [35,36]. The Ti 2p peaks doublet splitting energies for these two samples is 5.8
eV, which also indicates the existence of titanium only as Ti** [37,38].

The main peak in the O 1s core-spectrum corresponds to lattice oxygen and the peak at
~530.241 eV it has a contribution of the sodium Auger peak (Na KLL). In both O 1s spectra,
but more perceptible for NTNW sample, a smaller peak at higher binding energy (around 532
eV) is observed. This peak can be attributed to surface hydroxyl groups, indicating the
possible presence of chemisorbed water molecules.

From reported works, [39-41] typical binding energies of less than 397.5 eV are assigned to
TiN species mostly with substitutional N, whilst N 1s peaks at binding energies above 400 eV
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indicate that N is in the chemical adsorption state, like NO or NO2, which can be formed due
to surface oxidation. These latter species are reported as to be responsible for visible-light
sensitization [42]. The N 1s binding energy, for NTNW and NTNT samples, it is visible at
400.225 eV and 400.117 eV, respectively (Figure 2.4(d)), confirming the existence of N-
containing species on the TNT and TNW surface. In the C 1s spectrum, a strong peak at
285.217 eV can be assigned to the C—C bonds. However, the presence of carbon from
most likely sample contamination doesn’t allow any definitive conclusion to be made
about the existence of amine on the surface. The XPS results obtained for TNT and NTNT

samples are in agreement with the ones above discussed for TNW/NTNW.
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Figure 2.4 - XPS survey spectrum of the (a) NTNW sample; XPS high resolution spectra of the (b) Ti 2p, (c) O 1s for the
NTNW and TNW powders and (d) N 1s for NTNT and NTNW samples.

Once the thickness of the particles is inferior to the XPS radiation penetration, and the

sensitizing molecules are expected to be predominantly at the surface, the quantification of the
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nitrogen in the prepared samples was performed. The ethylenediamine molecule (Figure 2.1)
contains atoms, carbon, and hydrogen, which are not likely to be quantified by XPS. However,
considering only Ti, Na, O and N for quantification, (underestimated) values of 2.8 and 3.1 at%
were found for N contents in the NTNT and NTNW samples, respectively. These values are
very similar, indicating that similar amounts of amine were immobilized in the surface of TNT
and TNW particles. It was also interesting that the Na/Ti ratios obtained for NTNT and NTNW
samples are similar, which are 0.533 and 0.540, respectively.

The prepared samples were optically characterized by diffuse reflectance spectroscopy (DRS)
and the reflectance data were subsequently converted through the Kubelka—Munk function, as
shown in Figure 2.5 (Chapter 10, for details).

TNT NTNT
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Figure 2.5 - Absorption spectra of the TNW, TNT, NTNW and NTNT samples.

The strong optical absorption edge near 400 nm observed for all the samples is characteristic
of elongated titanate nanoparticles and it is due to the charge transfer mechanism of the O 2p
orbital of the valence band to the Ti 3d tyg orbital of the conduction band [26]. The optical
absorption spectra of the TNT and TNW samples are similar but the band edge of the TNT
slightly shifted to the visible range. After EDAmine modification, both spectra are red shifted
and an increase in the absorption intensity was observed. No other features were visualized
resulting from the amine treatment. The bandgap energy (Eg) of the samples was calculated
from the Kubelka—Munk (KM) spectra shown in Figure 2.5, by plotting the function fkm =
(Fkm-hv)%® versus hy. The values obtained were 3.35 and 2.88 eV for TNW and NTNW and
3.21, 3.09 eV for the TNT and NTNT samples, respectively.

The point of zero charge (p.z.c.) of the prepared samples was evaluated due to its relevance in

heterogeneous processes, like photocatalysis. The p.z.c. is the value at which a solid submerged
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in an electrolyte exhibits zero net electrical charge on the surface. Furthermore, p.z.c.
determination is important to predict the charge on the surface of the nanoparticles during the
photodegradation process. Since the photocatalysis occurs on the surface of the nanoparticles,
the photocatalyst performance is highly influenced by the solution pH, the pollutant type and
the surface ability to adsorb the pollutant. For pH values lower than p.z.c. the nanoparticles are
carried with a positive charge (attracting anions), whereas, higher pH values promote the
formation of negative charge on the surface of the nanoparticles (attracting cations/repelling
anions).

The pH at which the surface carries no net charge was 2.4 and 2.8 for the TNT and TNW
samples, respectively. The lower p.z.c. value obtained for the TNT agrees with the existence of
enhanced ion-exchange ability due to the existence of more Na* ions in this sample’s structure.
This result also agrees with the one obtained during quantification by XPS. After EDAmine
(pKaz1 = 7.6) sensitization, positive shifts in the p.z.c. were observed for the NTNT and NTNW
samples to around 2.8 and 2.9, respectively. These upward shifts indicate that the surfaces have

been modified with the positively charged amino groups [43].

2.4 - Photocatalytic performance

2.4.1 - Photo-induced hydroxyl radical production

The hydroxyl radical (‘OH) photocatalytic formation was monitored during terephthalic acid
(TA) degradation. Figure 2.6 shows the HTA amount produced from TA suspensions, during
30 min of irradiation.
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Figure 2.6 - HTA concentration variation during 30 min of irradiation of a TA solution (3 mM, 150 mL) using 10 mg of each
photocatalyst.
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As can be seen in Figure 2.6, all the samples showed catalytic activity, with the NTNT as the
best catalyst for the photo-induction production of “OH. Considering the TA photolysis as a
reference, an increase of 350% in the "OH production was achieved using the NTNT
photocatalyst and increases of 290 and 220% were attained for the use of TNT and NTNW
samples, respectively. Using the pristine TNW sample, an increase of 80% in this radical
production was observed. These results cannot be attributed only to surface area differences
since NTNT sample presents the lowest surface area, but they allow the conclusion that the
amine sensitization leads to an enhancement of the catalytic performance of the samples for this
reaction. This suggests an active role of the surface amine groups in this process and permits
anticipation of the best results for the amine modified samples especially in photocatalytic
applications where "OH plays a crucial role.

However, to better clarify this point, TA photodegradation experiments without O, were
performed (Figure 2.7). Generally, in this process, O, can have two main functions: as an
electron scavenger and as an oxidant of fluorescent to non-fluorescent intermediates or final
products [44].

(C-Co)ura (a.u.)
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Figure 2.7 - Hydroxy! radical production after 15 min of irradiation, with and without Oz, using 10 mg of each photocatalyst.

As expected for pristine samples, and after 15 min of irradiation, it is perceptible that the *OH
production decreases in the absence of Oz (Figure 2.7). Oz is a natural e scavenger and without
its presence, the production of the superoxide doesn’t take place. Therefore, the photogenerated
charge carrier recombination will increases. Consequently, the production of hydroxyl radical
via superoxide route (O2 — O, — "OH) and via H20 and OH" oxidation will decrease. This is
also valid for the noncatalyzed process: when no catalyst was used, the decrease in HTA

production due to the absence of O in the system was 53% for the evaluation period.
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For the amine modified samples, the O2 presence/absence had almost no influence on their
catalytic performances, with deviations of ~4 and 7% in the "*OH production, for NTNT and
NTNW, respectively. These results strongly support the hypothesis that “OH production, in the
amine modified samples, is mainly based on the hole trapping by adsorbed water molecules and
hydroxyl groups (H20 and OH") and not via superoxide route. This also agrees with the results
previously reported for nitrogen doped layered titanates [45]. On the other hand, these results
also suggest no significant variation in the charge recombination rate in the absence of O,
indicating that a new scavenger for the electrons should be present. This new scavenger must
be correlated to the amine entities present on the catalyst surface.

Based on the above discussion and supported in literature [46-48], a mechanism for the charge-
transfer processes in the TNT/TNW and NTNT/NTNW nanoparticles, after being activated by

UV-vis radiation is proposed in Figure 2.8.

O, EDAmine

*OH ¢=m O*, Nitrogen oxidizing species
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Figure 2.8 — Schematic representation of the energetic structure proposed for the TNT and hybrid NTNT particles under
irradiation.

After irradiation of a TNT (or TNW) particle with energy higher than its bandgap, electrons
(") and holes (h*) are generated in the conduction (CB) and valence band (VB) of the
semiconductor, respectively. The photogenerated holes will react with OH™ and/or H;O
oxidizing them to "OH radicals. Simultaneously, the formation of O, species arises from the
reduction of adsorbed oxygen. The extension of this process will determine the decrease in the
recombination rate. The synergistic action of photogenerated h* and other highly oxidizing
species, including O and ‘OH radicals, will be responsible for the pollutants’
photodegradation. If no Oz is present during this process, no O>" species will be formed and the
photogenerated charge carrier recombination will be enhanced. Therefore, much fewer holes
will be available to oxidize OH/H20 for *OH production. Consequently, no photocatalytic

effect will be noticed, and the pollutant degradation will only be due to the photolysis effect.
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For the NTNT and NTNW hybrid nanoparticles, some differences in this mechanism can be
pointed out: slightly less energetic requirements to activate the catalyst since these particles
possess lower bandgap energy when compared to the pristine samples. Nevertheless, the
obtained results using visible light radiation (results presented below) indicate that this should
not be the main reason justifying the better photocatalytic performance of these samples. For
the N-modified samples, the obtained results in the presence and absence of O are similar,
suggesting that species other than O2 will act as e scavengers. The amine entities on the surface
should have an active role in this process by acting as scavengers themselves for the electrons
injected in the CB. Thus, it will delay the electron-hole recombination and therefore the
photocatalytic process efficiency will be enhanced. Under these circumstances, the formation
of nitrogen oxidizing species, which will also promote the pollutant degradation, it cannot be

completely ruled out.

2.4.2 - Caffeine, theophylline, and phenol photocatalytic degradation

As mentioned in Chapter 1, caffeine, theophylline and phenol (Figure 2.9) are some examples
of emergent pollutants that have been often found in wastewaters. Caffeine and theophylline
are present in energy drinks, tea, coffee, and pharmaceuticals, and phenol is widely used in the
chemical industry and is also a by-product of many other pollutants. For these reasons, these
three compounds were chosen as model contaminants to further evaluate the photocatalytic
performance of the prepared samples, under UV-vis and visible radiation. The adsorption
characteristics of the pollutant/catalyst system are expected to be important since photo-
oxidation reactions usually occur at the catalyst surface. Therefore, the ability of the samples

to adsorb these three pollutants was previously investigated for 60 min, under dark conditions.
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Figure 2.9 — Schematic representation of the (a) theophylline, (b) caffeine and (c) phenol molecules.

* Theophylline photodegradation

The photocatalytic efficiency of the pristine and modified TNT and TNW samples on a
theophylline solution (20 ppm) degradation was evaluated during 90 min of UV-vis irradiation

(Figure 2.10). Figure 2.10(a) depicts the theophylline spectra during irradiation, in the presence

73



Chapter 2 — Amine modified titanate nanowires and nanotubes

of the NTNT sample as a catalyst. Theophylline concentration decreases during irradiation
time, using all the prepared samples as catalysts, which were analyzed by LC-HR-ESI/MS. The
obtained results are shown in Figure 2.10(b).

As can be seen in Figure 2.10(a), the theophylline removal is easily confirmed by the decrease

gradually of the 272 nm peak during irradiation time.
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Figure 2.10 — (a) UV-vis spectra of theophylline solution degradation, using NTNT sample as photocatalyst. (b) Theophylline
photocatalytic degradation during 90 min of irradiation using the pristine and hybrid powders as photocatalysts (20 ppm; 0.13

gL?).

After 60 min in the dark (Figure 2.10(b)), no substantial adsorption of theophylline was
observed, independent of the sample used. Under irradiation, all the powders demonstrated
photocatalytic activity for theophylline degradation. After 60 min of irradiation, the best sample
for this pollutant removal was NTNT with a 98.0% decrease in its concentration. The second
best photocatalyst, for the same period, was the unmodified TNT with 77.5% of theophylline
removal. For this sample, 45 min more was needed to achieve 98.0% of degradation. During
this irradiated process, and considering the two TNW based samples, the modified NTNW was
the one presenting the highest photocatalytic activity. This result corroborates the positive
influence of the amine sensitization on the production of better photocatalysts for processes
based on the "OH radical oxidizing action.

The identification of the by-products produced during theophylline photodegradation using
NTNT as catalyst was carried out by LC-HR-ESI/MS. The results are presented in Table 2.1
and agree with a degradation mechanism reported in the literature [49] and shown in Annex B
— Figure B.1.
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Table 2.1 - Main products identified by LC-HR-ESI/MS for the photocatalytic degradation of theophylline using NTNT as

catalyst
Compound Product Mol. wt. Elemer_lt_al m/z structure
composition
Theophylline 180.16  C/HeN.O,  181.0727 %ﬁ b,
!
Theo-1 1,3-Dimethyluric acid ~ 196.16 C7/HgN4Os  197.0675 /l \ o
DI
Theo-2  1/3-Methylxanthine ~ 166.14  CoHsN.O,  167.0565 * T T
Ay Ko T N
w T
Theo-3 Xanthine 152.11 CsHiN4O,  153.0410 Dj\ \ N/>
H T H4C. |
i 1/3-Methyltetrahydro- N N Y
Theo-4 "1V irine-2.6-dione 16815 CoHaNeO:  160.0720 /*w | ﬂ> *w v
8-Hydroxy-1/3-methyl- e i " N H
Theo-5 3,7,8,9-tetrahydro-1H-  184.15 CeéHsN4O3  185.0669 /l [ on [ o
purine-2,6-dione N b
5/6-Amino derivative of " NG
Theo-6  1/3-methylpyrimidine- 14113 CsHiN:O,  142.0611 L I, A |
2,4(1H,3H)-dione Lo L,
5/6-Aminopyrimidine- o Nz y
Theo-7 2,4(1H,3H)—dione 127.10 C4Hs5N302 128.0454 O)\ﬂ | O)\g | ",
i 1/3-Methylpyrimidine- Y ””‘N%
Theo-8 2,4(1H,3H)—dione 126.11 CsHsN2O2 127.0502 0)\’}‘ OyK” |
Theo-g  >&:Diaminopyrimidine- 0> 15 ¢,N,0,  143.0563 ﬁt

2,4(1H,3H)-dione

The profile of such intermediates with the irradiation time was also studied and the results are

in Figure 2.11 where a sequential degradation process can be visualized.

In the first minutes after turning on the irradiation, high production of compounds Theo-1 and

Theo-8 was detected and after 10 min other products start to be formed, namely Theo-7 and

Theo-6. Although after 75 min no theophylline was detected in solution, the presence of

products Theo-1 and Theo-8 is still high, indicating that more time is required to complete the

degradation of these by-products.
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Figure 2.11 — Variation of the compounds identified during 75 min of theophylline photocatalytic degradation, using NTNT as
catalyst.

» Caffeine photodegradation

The catalytic efficiency of the samples on caffeine (20 ppm solution) photo-assisted removal
was evaluated during 90 min of UV-vis irradiation. The obtained degradation results are
presented in Figure 2.12. The UV-vis spectra obtained during irradiation time using NTNT
sample as catalyst were also depicted in Figure 2.12(a), and it is possible to confirm the caffeine
degradation due to the decrease of the characteristic peak, at 272 nm, with the irradiation time.
As can be seen in Figure 2.12(b), for this pollutant and as observed for theophylline, no
substantial caffeine was adsorbed independent on the sample used. However, all the samples
showed photocatalytic activity for this degradation process, but the samples modified with
EDAmine (NTNT and NTNW) demonstrated better catalytic performances than the pristine
ones.

The best photocatalytic performance was obtained using the NTNT sample with 80% caffeine
degradation over 90 min of irradiation. For the two pristine samples (TNT and TNW), the best
photocatalytic activity was achieved using the nanotubes (TNT). After 90 min without catalyst
(photolysis), only 20% of the initial caffeine was removed from the solution.
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Figure 2.12 - (a) UV-vis spectra of caffeine solution degradation, using NTNT sample as photocatalyst. (b) Caffeine
photocatalytic degradation during 90 min of irradiation using the pristine and hybrid powders as photocatalysts (20 ppm; 0.13

gL™h.

It is interesting to compare the results obtained for the two methylxanthine compounds,
theophylline, and caffeine (Figure 2.9): the chemical structures of these compounds are very
similar, but caffeine possesses more methyl groups instead of protons and this seems to be the
reason why, under identical experimental conditions, the theophylline degrades faster than
caffeine.

As for theophylline, the evaluation of the by-products formed during caffeine photodegradation
was performed by LC-HR-ESI/MS and the identified compounds are shown in Table 2.2. These
results are in agreement with a degradation mechanism proposed by others in literature [50,51]
and shown in Annex B — Figure B.2.

The profile of the by-products with irradiation time was also studied and the results are in Figure
2.13. It is visible that the caffeine degradation starts with its conversion to compound CAF-1
and after 5 min of irradiation the formation of compound CAF-4 begins. The amount of this
product increases during the 90 min of irradiation, contrasting with the fast decrease observed
for compound CAF-1. Together with product CAF-4, the profiles of the by-products detected
in lower quantities (Figure 2.13(b)) also suggest that caffeine degrades first to product CAF-4
and afterward this it degrades to the other compounds detected. Also, as in theophylline study,
a longer irradiation period will be necessary to complete the degradation of all the secondary

products.
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Table 2.2 - Main fragments and correspondent by-products identified by LC-HR-ESI/MS for the photodegradation of caffeine
using NTNT as catalyst

Experimental mass

Compound Formula (m/2) Mol.wt. Structure
(0] CH3
HyC I ,L
Caffeine  CgHuN4O> 195.0876 194 H}
O/ N N
Hy
CsH12N20:Na 251.0751 e f $Ha
SN N
N ~COOH
CAF-1 C7H10N303 184.0713 228 )\/ji
O/ N NH,
CsH7N2O» 127.0499 Hat
C7H11N4O3 199.0824 o H
HaC | IL
CAF-2 198 j\ | ~CHO
CsHsN3O2 142.0609 o” N NH,
H3C
O
HsC |
CHO
CAF-3  CsHgN20sNa 167.0426 144 )
(@] ll\lH
HsC
CeHsNsOsNa 210.0485 e
CAF-4 187 N7 ero
O)\N/E—NHZ
CsHsN3O3 170.0560 H(|: 0
3
O CH,
HsC, | ’L
CAF-5 CgH11N4Oq4 227.0774 226 N | —0
O)\N N\
O
CsH10NsOsNa 265.0547 o o
H3C\ N
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Figure 2.13 — (a) Variation of the compounds identified during 90 min of caffeine photocatalytic degradation, using NTNT as
catalyst, (b) detail for the lower amount compounds.

* Phenol photodegradation

The photocatalytic activity of the prepared samples for phenol degradation was also analyzed.
The phenol absorption spectrum is characterized by one main band at A = 270 nm. During the
phenol photodegradation, the intensity of this band sometimes increases and/or broaden due to
the simultaneous absorption of phenol and/or several degradation by-products [52,53]. To avoid
incorrect conclusions about this process, GC-MS was chosen to quantify the phenol

photodegradation process. Figure 2.14 shows the phenol concentration profiles during 90 min
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of irradiation for all the prepared samples tested as photocatalysts. As can be seen in Figure
2.14, after a dark period, ~10% of the initial phenol was adsorbed by both pristine samples
(TNT and TNW), and ~20% was adsorbed by the EDAmine modified ones. This agrees with
the p.z.c of the samples and the pka of phenol (pka = 10.0).

100
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1\ TNW
80 + —a—TNT
| | ——NTNW
- —8—NTNT
ge0 £
= c
[e} .0
® | &
= (o]
o 40+ 2
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0 | 1|0 | 2|0 | 3|0 | 4|0 | 5|0 | 6I0 | 7|0 8I0 | 90
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Figure 2.14 - Phenol photocatalytic degradation during 90 min of irradiation using the pristine and hybrid powders as
photocatalysts (20 ppm; 0.13 g L2).

It is possible to see that all the samples are catalytic for phenol degradation. Using the NTNT
sample as a photocatalyst, a decrease of 97.8% on the phenol in solution was achieved within
60 min of irradiation. To complete the phenol removal, 30 min more was required. Without any
catalyst (photolysis), it decreases by 48.6% and 60.3% in phenol concentration, after 60 and 90
min, respectively. The TNT and NTNW photocatalytic performances were very similar with
nearly 90% pollutant removal attained after 90 min of irradiation. These results confirm that
the "OH radical is one of the most active oxidizing species in charge of phenol photodegradation
[54].

During phenol photodegradation, the identification of the formed by-products was monitored
by GC-MS. The existence of hydroquinone, catechol, and resorcinol, in very low percentages,
was confirmed (Table 2.3), being these results in agreement with a degradation mechanism

reported work [55] and shown in Annex B — Figure B.3.
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Table 2.3 - Main products identified by GC-MS for the phenol photocatalytic degradation process using NTNT as catalyst
Elemental

Product Mol. wt. o Structure
composition
OH
Phenol 94 CsHeO @
OH
OH
Catechol 110 CsHsO2
OH
Hydrogquinone 110 CsHsO2

Resorcinol 110 CesHeO2 @\
OH

The photocatalytic degradation of theophylline, caffeine, and phenol, using the TNT and NTNT

catalysts was also tested under visible radiation; over 90 min for theophylline and phenol and
120 min for caffeine. As expected, the photocatalytic degradation rate of all the pollutants was
significantly lower compared to the performances obtained using UV-vis radiation. However,
as for the UV-vis radiation experiments, the best photocatalytic results were obtained using the
NTNT sample. These results seem in agreement with the slight shift observed in the NTNT
bandgap energy, in the visible range. However, this increase in energy absorption, due to the
presence of the amine entities on the TNT surface, cannot justify, by itself, the enhanced
photocatalytic performance of these materials, which should be validated by the essential role
of the amine groups in the decrease of the electron-hole recombination rate, as discussed in
Section 2.4.1.

2.4.3 — Kinetic studies

The kinetics of the caffeine, theophylline, and phenol photodegradation were evaluated through
the application of a first-order kinetics model, characterized by an exponential decrease in
pollutant concentration with time. In this case, the plot of In(C) versus t, where C is the
concentration at time t, is a straight line, whose slope is — k, which is the reaction rate constant.
The profiles of the TNT and NTNT catalyzed processes are presented in Figure 2.15, and the
results obtained for all the samples are presented in Table 2.4.
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Figure 2.15 - Kinetics of the photocatalytic degradation reactions of (a) theophylline, (b) caffeine and (c) phenol solutions.
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Considering the caffeine degradation, the k obtained for the photolysis and the TNT and NTNT
catalyzed processes were 0.0026, 0.0104 and 0.0202 min™, respectively. These results confirm
a faster caffeine photodegradation for the catalyzed runs when compared with the photolysis
(0.0026 min) or the ones obtained using the TNW and NTNW particles (0.0041 and 0.0133
min’, respectively). Interestingly, the process with the best photocatalytic results (using NTNT)
is almost 10 times faster than photolysis. After amine sensitization, increases of 1.7 and 3.2
times in the constant value were observed for TNT and TNW samples, respectively,
demonstrating its relevance for the caffeine photodegradation process success.

The analysis of theophylline photodegradation kinetics indicates that the faster process is the
one catalyzed by NTNT with a k value of 0.0276 min™t. Once again, the values obtained for k
indicate that the photocatalytic degradation of theophylline is faster than that of caffeine,
independent on the catalyst used. In the presence of the best photocatalyst, NTNT, phenol was

the pollutant easier to be degraded, presenting in these circumstances a k of 0.0570 min™.

Table 2.4 - Rate constants for the studied photocatalytic degradations

Surface area Rate constant? (min)

Sample s 1 - -
(m*g™) Caffeine Theophylline Phenol
TNT 164.94 0.0104 0.0227 0.0206
NTNT 158.29 0.0202 0.0276 0.0570
TNW 233.66 0.0041 0.0103 0.0204
NTNW 185.91 0.0133 0.0127 0.0222
Photolysis - 0.0026 0.0051 0.0117

@ With correlation coefficients higher than 0.9770.

2.4.4 — Reusability and stability studies

The reusability of the best photocatalyst (NTNT sample) was tested for the three pollutants
removal during 4 runs of 75 min each. Due to the inferior photocatalytic results obtained for
caffeine, a period of 120 min was chosen in this case. Figure 2.16 shows the photodegradation
results obtained for these 4 runs, indicating that NTNT sample is stable without significant loss
of catalytic activity. These results indicate that during these 4 cycles, no signals of surface
poisoning and no release from the surface to the solution of the amine groups were observed,
attesting the high stability of this sample when used as photocatalysts under UV-vis radiation.
Only for caffeine, a slight decrease in catalytic performance was observed for the 4" cycle.
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Figure 2.16 - Percentage of theophylline, caffeine and phenol removal, during four cycles of photocatalytic degradation using
the same NTNT sample as catalyst.

Raman spectroscopy was used to confirm the stability of the TNT/NTNT samples before and

after being submitted to UV-vis radiation (Figure 2.17).

\ . . .
oo’ =T N NTNT after irradiation

Raman intensity (a.u.)

100 200 300 400 500 600 700 800 900 1000
wavelength (cm-1)
Figure 2.17 — Raman spectra of the TNT and NTNT samples before and after being submitted to UV-vis radiation (90 min).

The obtained results for the as-prepared sample are in agreement with the literature [46,56] and
the ones obtained after irradiation indicate that no perceptible changes or rearrangements in the
microstructure occurred for all the analyzed samples.

2.5 - Conclusions

The obtained results indicate that TNT/TNW and NTNT/NTNW are promising materials, with

high stability, to be further investigated as photocatalysts for the organic pollutants removal.
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For both sensitized materials, experiments performed in the absence of Oz indicate no changes
in hydroxyl radical production, thus confirming that holes are the main responsible for the
formation of this radical. The photocatalytic performance of the sensitized materials for the
degradation of the psychoactive substances, caffeine and theophylline, and for phenol removal
was evaluated. The best results were obtained using NTNT, achieving 60% photodegradation
efficiency for caffeine and 98% for phenol and theophylline (20 ppm solutions), respectively,
within 60 min under UV-vis radiation. However, an issue that must be carefully examined
before proceeding with a scale-up methodology is the toxicity of the by-products produced
during the photocatalytic degradation of the pollutants. The production of more toxic products

than the initial pollutants must be avoided.
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3.1 - Introduction

The properties of the elongated titanate nanoparticles (TNP) can also be modified by
sensibilization with metallic nanoparticles. The production of hybrid plasmonic photocatalysts
using titanate nanostructures can be seen as an interesting alternative to bring the semiconductor
absorption edge into the visible region and to reduce the photogenerated charges recombination
rate [1]. In this context, the incorporation of metallic nanoparticles has been used to modified
metal oxides materials since they can act as electron traps delaying electron-hole recombination
and therefore increasing the photocatalytic activity. Additionally, the use of nanoparticles
exhibiting surface plasmon resonance on the surface also generates an additional, and positive,
increase in light absorption efficiency by the local electric field amplification and scattering
processes [2].

Studies on noble metal nanoparticles (NPs) have increased extensively due to their unique
properties, which make them attractive in a wide range of applications such as optical, bio-
labeling, antibacterial and (photo)catalytic applications. For instance, the modification with Ag
nanoparticles leads to an increase in the photocatalytic performance and stability of ZnO films,
avoiding the semiconductor photo corrosion under UV radiation [3]. Various methods have
been reported to synthesize silver nanoparticles on TiO2 supports by reducing Ag* to the
metallic form, including heat-induced reduction, reducing agents, photo-reduction, ionic
liquids, citrate reduction, silver mirror reaction, polyol process seed-mediated growth and light
(UV or gamma-ray) mediated synthesis [4-8]. However, these methods are not straightforward
as they use reducing agents or templates and require either high temperature or long reaction
time. Thus, new loading strategies of noble nanoparticles on TiO.-based materials are required.
The biosynthesis of extracellular AgNPs with the cell filtrate of Penicillium sp. under light
radiation has been reported [9]. Nevertheless, it was found that the reaction time, particle size,
dispersity, and stability of the synthesized AgNPs were dependent on the cell filtrate’s pH [9].
Metallic Ag nanoparticles were successfully prepared using a direct in situ electrochemical
method before being supported on TiO> for photocatalytic applications [10]. Bacterial growth
inhibition was accomplished using TiO2-Ag nanocomposites, making titania an appropriate
matrix for silver as antibacterial agent [11]. Several works about the synthesis and
photocatalytic performance of nanocrystalline Ag-TiO> and related materials have been
reported, but a complete knowledge about the effective role of the metallic nanoparticles in
these photoactivated processes are still missing.
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TNP can be modified with noble metals by doping, on the crystalline structure, or can be
sensitized with metallic nanoparticles, on their surface. Through these modifications positive
effects are expected, on its photocatalytic activity, once they can:

(i) enhance the electron-hole separation by acting as electron traps;

(ii) extend the light absorption into the visible range and enhance surface electron excitation

by plasmon resonances excited by visible radiation;

(iii) modify the surface properties of the photocatalyst.
This work is in line with this concern and intends to contribute to better understand the influence
of the presence of metallic Ag nanoparticles in the photocatalytic activity of titanate
nanotubular materials. To achieve this goal, the synthesis and photocatalytic performance of
elongated titanate nanowires (TNW) modified with crystalline Ag nanoparticles is described.
For this study, the sodium and protonated titanate nanowires, NaTNW and HTNW,
respectively, were used. Nevertheless, protonated titanate nanowires presented better results,
thereby only these samples were considered in this study. This process is based on an ion-
exchanged and photo-reduction step-by-step process: after hydrothermal synthesis, the HTNW
particles were first treated with an Ag® aqueous solution to promote the metal ion
immobilization; the formation of the metallic nanoparticles, over the HTNW surface, was
afterward attained by UV-vis light irradiation. Considering the photocatalytic properties of the
pristine HTNW, the evaluation of the Ag nanoparticles’ incorporation effect on the
photocatalytic performance of this sample was evaluated through phenol degradation. Phenol
was chosen as a model molecule for this study due to its relevance as a pollutant by itself and

also as a by-product in several pollutants photodegradation processes.

3.2 — Synthesis

A detailed description of the experimental procedure followed is shown in Chapter 10.

The HTNW amorphous precursor was prepared based on a published procedure [12]. The
obtained solid was first hydrothermally treated in alkaline solution (NaOH, 10 M) at 160°C for
24 hours, producing sodium titanate nanostructures, type Na>TizO7 (NaTNW sample) [13].
Afterward, an acidic treatment was preformed, to exchange the Na* ions for H, to obtain the
protonated titanate nanowires, HTNW (HzTizO7). After that, the HTNW was modified using an
Ag" ion exchange process, and the Ag"HTNW sample was obtained. The formation of metallic
silver nanoparticles was attained by UV-vis irradiation of the white solid aqueous suspension

with a mercury lamp, to produce Ag-HTNW samples. Previously to the conversion of the
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immobilized Ag* into Ag°, the Ag"fHTNW sample was washed several times with water to
eliminate the Ag* excess. The photo-reduction of the immobilized Ag* ions was attained for 60
min. To better control the process, a sample was taken, and analyzed, after 30 min of irradiation.

3.3 — Structural, morphological and optical characterization

The identification and structural characterization of the prepared samples were performed by
X-ray powder diffraction (XRD). Analyzes of the Ag-HTNW samples were performed for
different irradiation periods (0, 30 and 60 min), and the XRD patterns are shown in Figure 3.1.
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Figure 3.1 - XRD patterns of the HTNW before and after sensitization with a 0.5 M AgNOjs solution.

The XRD patterns of the prepared samples are in agreement with the existence of a Na-
xHxTi307 (0 < x < 2) titanate layered structure [14], being the diffraction peak identified at 26
~10° related to the interlayer distance between TiOg sheets and the peaks at 24°, 28° and 48°,
characteristics of tri-titanate 1D nanomaterials [14].

After the silver ion exchange process, the Ag"HTNW sample, a clear decrease in the 10° peak
intensity was observed (Figure 3.1) suggesting that some Ag* ions could be preferentially
incorporated between the TiOs layers, by replacing the H* entities. No crystalline impurities
containing Ag, such as Ag»0, were observed in the XRD pattern of this sample.

After being submitted to 60 min of irradiation, no drastic changes in the typical crystalline
structure of the HTNW were observed. However, the Ag-HTNW diffraction pattern shows
additional peaks at 26 values of 38° and 44°, which were attributed to the (111) and (200) crystal
planes of metallic silver (JCPDS file no. 004-0783), respectively [15].
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A gradual increase in the intensity and definition of Ag® peaks is perceptible with the UV
irradiation time increase, for the samples prepared using 30 and 60 min. Simultaneously, the
10° peak intensity, related to the HTNW structure, also increases with the irradiated time. These
results seem to suggest that the Ag* ions immobilized in the interlayers during the ion-exchange
process, migrate in the opposite direction during irradiation: from the interior of the interlayers
for the exterior surface of the nanostructures, to originate, by reduction, the Ag® nanoparticles.
These results are in agreement with published works related to long-term silver release and
effective antibacterial action of Ag-HTNW [16]. No other Ag crystalline phases were identified.
The amount of silver incorporated was quantified by micro X-ray fluorescence (ULXRF) and a
value of 8.97% was obtained for the Ag/Ti ratio.

The morphology of the powders was analyzed by transmission electron microscopy (TEM),

and the obtained images are shown in Figure 3.2.

; '5(-) nm

i - l

i Bl e
Figure 3.2 - TEM images of the (a) HTNW, (b) Ag*fHTNW and Ag-HTNW sample prepared during (c) 30 min and (d) 60 min
of irradiation.
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An image of the HTNW sample before Ag® sensitization shows the existence of a uniform
sample composed of very long and thin elongated nanoparticles (Figure 3.2(a)). As expected,
no morphological differences were observed between the Ag"HTNW and HTNW samples,
Figure 3.2(a) and Figure 3.2(b), respectively. Extremely small particles spread over the HTNW
surface can be highlighted in the TEM images of the Ag-HTNW after 30 and 60 min of
irradiation (Figure 3.2(c) and (d)). For this last sample, irradiated during 60 min (Ag-HTNW),
Ag spheroidal nanoparticles, with an average diameter of 15 nm can be seen in contrast to the
titanate elongated nanowires (Figure 3.2(d)).

For the modified samples, the presence of Ag in addition to Ti and O elements was analyzed
by energy-dispersive X-ray spectroscopy (EDS). As an example, the EDS spectrum for the Ag-
HTNW sample is shown in Figure 3.3, confirming the presence of Ag, Ti and O elements. EDS
analyzes were also performed for the HTNW and Ag"™HTNW samples, being in accordance
with the obtained for the Ag-HTNW sample.

Ti

Cu*

Intensity (counts)

0 1 2 3 4 5 6 7 8 9 10
energy (KeV)
Figure 3.3 — EDS spectrum of the Ag-HTNW sample. (*From cupper grids used to support the elongated titanate nanoparticles.)

Due to the importance of the surface area on catalytic studies, the samples were characterized
by N2 adsorption-desorption at —196°C. B.E.T. surface areas were calculated and values of
346.22 and 257.31 m? g were obtained for the HTNW and Ag-HTNW samples respectively.
This decrease in the surface area is following previous works related with Ag/TiO2-nanotubes
produced by a microwave-assisted approach [17]. The 25% decrease observed in the surface
area of the sample containing Ag (Ag-HTNW) can be due to the penetration of Ag ions in the
interlayers and consequent blocking this surface area access. This is in agreement with the XRD

results observed, namely the substantial decrease of the 26 ~10° peak intensity.
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The electronic structure of the Ag-HTNW sample was analyzed by X-ray photoelectron
spectroscopy (XPS) and the survey spectra of the HTNW and Ag-HTNW are shown in Figure
3.4. In addition to the Ti 2p and O 1s photoelectron peaks, typical of the HTNW, the Ag-
HTNW?’ spectrum shows an Ag 3d doublet peak. No Na 1s peak was detected, confirming the
complete Na® to H* replacement during the acidic treatment.

For the HTNW sample, the Ti 2ps2 and 2p12 peaks appear at 459.535 and 465.425 eV,
respectively. A slight shift due to the Ag incorporation (Ag-HTNW sample) was observed for
these peaks, 459.125 and 464.825 eV, respectively. As expected, no signals in the 456.2 — 457.4

eV range are perceptible, indicating no Ti3* in these samples [18,19].
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Figure 3.4 - XPS survey spectra of the (a) HTNW and (b) Ag-HTNW samples.

Figure 3.5 (a and b) shows the higher resolution spectra of Ti 2p and O 1s for HTNW and Ag-
HTNW samples.

The doublet splitting energies of the Ti 2p peaks, for the HTNW and Ag-HTNW samples, are
5.9 and 5.8 eV, respectively, which also agrees with the presence of titanium only as Ti*" in
both samples [20,21]. The main peak in the O 1s core-spectrum (Figure 3.5(b)) at ~534 eV
corresponds to lattice oxygen and has a contribution of the sodium Auger peak (Na KLL).

For the Ag-HTNW sample, negative shifts of 0.4 and 0.3 eV were observed for the Ti 2p and
O 1s peaks, respectively (Figure 3.5(a and b)). These shifts can be due to the presence of Ag
that could contribute to the titanium ion radius expansion, resulting in electron movement far
from the titanium nuclei; therefore, the peaks of Ti 2p will shift into lower binding energies

[22].
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A high-resolution spectrum of the Ag 3d region is shown in Figure 3.5(c). The binding energies
for Ag 3ds and Ag 3ds are 368.4 and 374.5 eV, respectively. These energies should be
attributed to Ag® nanoparticles. However, the undoubted assignment of the spectral features can
be difficult once published values for metallic silver’s binding energies are not in total

agreement, revealing some dispersion [23-25].
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Figure 3.5 - XPS high resolution spectra of the (a) Ti 2p, (b) O 1s and (c) Ag 3d regions, for the HTNW and Ag-HTNW
samples.

To elucidate this point and considering that small binding energy shifts, concerning the metal
peaks, can happen in silver compounds, e.g. oxides, the Auger parameter was evaluated. The
Auger parameter usually allows to distinguish between Ag® and other oxidized Ag species;

being 2 eV higher for Ag® than for the corresponding oxides [26].
Auger parameter (AP) = Ag Eg(3ds) + Ag Ex(M4N4sNas) (3.2)

In this particular material, Ag-HTNW, the AP determination, for the identification of the Ag
oxidation state, it had some imprecision due to the Ag MaN4sNss and Ti LMM peaks
overlapping. Although AP values between 725.8 and 724.7 eV were obtained, allowing to
conclude that the Ag oxidation state is in the frontier between the metallic and oxidized state.
This unexpected result can be justified by the Ag nanoparticles reduced dimensions once it is
known, from literature, that XPS core levels can be influenced by metallic nanoparticles size,
shifting to higher binding energies for small Ag nanoparticles [27,28].

The optical characterization of the prepared samples was performed by measuring their diffuse
reflectance spectra and subsequent conversion of the reflectance data through the Kubelka—
Munk function [29]. The bandgap energy (Eg) of the HTNW and Ag-HTNW samples, was
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evaluated from the Kubelka—Munk (KM) data (Chapter 10). The optical spectra obtained for
HTNW and Ag-HTNW samples are shown in Figure 3.6.
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Figure 3.6 - Absorption spectra of the HTNW and Ag-HTNW samples.

Figure 3.6 indicates that the sample optical behavior was modified by the Ag nanoparticles’
presence. The optical absorption below 400 nm is due to the charge transfer mechanism of O
2p orbital of the valence band to the Ti 3d tyg orbital of the conduction band [30]. The new
absorption band centered at 480 nm is due to the plasmonic absorption effect of the Ag
nanoparticles indicating a significant improvement in the visible light absorption and
suggesting a possible photocatalytic performance enhancement for Ag-HTNW. No shift in the
absorption band edge of the pristine HTNW was observed, indicating no changes in the HTNW

intrinsic energetic structure.

3.4 — Photocatalytic performance

3.4.1 - Photo-induced hydroxyl radical production

The hydroxyl radical ("fOH) demonstrates a very high oxidizing capability and has been
responsible for several pollutants’ degradation processes [31]. Due to this, and to evaluate the
catalytic ability of the Ag-HTNW sample, the photocatalytic production of this oxidant specie,
was monitored. Experimentally, the generation and quantification of "OH radicals can be
evaluated by the detection of the hydroxylated reaction intermediates formed. A detailed
description of the experimental procedure followed is shown in Chapter 10.

As described in Chapter 1 (Section 1.3), the *OH radical can convert terephthalic acid (TA) into
2-hydroxyterephthalic acid (HTA) which has fluorescent properties. Figure 3.7 shows the
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amount of the HTA molecule produced during 30 min of TA/HTNW and TA/Ag-HTNW

suspensions irradiation analyzed by fluorescence spectroscopy.
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Figure 3.7 - HTA concentration variation during 30 min of irradiation of a TA solution (3 mM, 150 mL) using 10 mg of each
photocatalyst.

As can be observed in Figure 3.7, both samples have demonstrated catalytic activity for this
reaction, being the Ag-HTNW the best sample for the catalytic photo-induced hydroxyl radical
production. This suggests an active and direct role of the metallic Ag nanocrystallites in the
hydroxyl radical production and allows to anticipate good results for Ag-HTNW photocatalytic
applications, where this radical plays an active role.

3.4.2 - Phenol photodegradation

Phenol was chosen as a model contaminant to further evaluate the photocatalytic performance
of the Ag-HTNW under UV-vis light irradiation. A detailed description of the experimental
procedure is described in Chapter 10. Briefly, a 20 ppm phenol solution was irradiated for 75
min in the presence of the catalyst. During this period samples were withdrawals and analyzed
by GC-MS, and the results are shown in Figure 3.8.

Generally, the photo-oxidation reaction occurs at the catalyst surface, therefore the adsorption
characteristics of the catalyst/pollutant system are expected to be a key factor in the
photocatalytic process evaluation. The ability of the Ag-HTNW to adsorb phenol was
investigated in dark conditions for 60 min. After this period, 16.3% and 23.6% of the initial
phenol have been removed from the solution, being adsorbed in the Ag-HTNW and HTNW
surfaces, respectively. The difference between the surface areas of both samples (25%) cannot
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justify by itself the lower adsorption ability observed for the Ag-HTNW sample (less 33% then
the pristine HTNW). Distinct phenol’s abilities to be adsorbed by the HTNW and Ag surface
must be in charge of this behavior.

Figure 3.8 shows the decrease of the 20 ppm phenol solution concentration over 75 min of
irradiation, in the presence of HTNW and Ag-HTNW samples as catalysts. Both samples
demonstrated photocatalytic activity for this degradation process. The sample with the best
photocatalytic performance was the Ag-HTNW: after 30 min of irradiation, 99.0% of phenol
degradation was attained. Using the pristine HTNW sample, a period of 75 min was required
to achieve identical degradation results. At this time (75 min) and with no catalyst (photolysis),

19.1% of the initial phenol remains in solution.
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Figure 3.8 - Phenol photocatalytic degradation of a 20 ppm aqueous solution during 75 min of irradiation using Ag-HTNW
and HTNW samples as photocatalysts (0.13 g L™?).

The kinetic of the phenol photodegradation reaction was studied, under the experimental
conditions used. A first-order kinetic model, characterized by an exponential decrease in the
pollutant concentration with time, was applied. The plot of In(C) versus t, where C is the
concentration at time t, was a straight line, whose slope is -k, the reaction rate constant. The
values of k obtained for the phenol photolysis and the degradation catalyzed by HTNW and Ag-
HTNW samples, were 0.0175, 0.0549 and 0.1857 min, respectively. These results confirm a
faster photodegradation process for the Ag-HTNW catalyzed process when compared with the
phenol photolysis or with the one catalyzed by the HTNW pristine sample. These results
indicate that the presence of crystalline Ag nanoparticles over the HTNW surface contributes

to the HTNW photocatalytic performance enhancement.
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3.4.3 - Ag-HTNW photocatalytic reusability and stability

The (photo)chemical stability of a material is an important parameter that must be analyzed to
better evaluate its catalytic ability. In this work, to test the photocatalyst recycling possibility,
the Ag-HTNW sample was used for 4 successive phenol degradation runs, 60 min each. The
obtained results are depicted in Figure 3.9. Ag-HTNW sample presents an excellent catalytic
performance associated with excellent stability since only 1.0% of the initial phenol remains in
solution after the fourth reuse cycle. In the first degradation trial, 99.5% of the initial phenol

was degraded, 98.4% and 98.6% after the second and third cycles, respectively.
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Figure 3.9 - Percentage of a 20 ppm phenol solution removal during four photodegradation cycles, of 60 min each, using the
same Ag-HTNW sample as catalyst.

To better evaluate the catalyst stability, after the successive photodegradation experiments, the
Ag-HTNW sample was analyzed by XRD and TEM. Figure 3.10 shows the XRD patterns of
the Ag-HTNW before and after the fourth irradiation cycle.
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Figure 3.10 - XRD patterns of the Ag-HTNW sample before and after four cycles of phenol photodegradation.
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No significant changes were observed between the two powders indicating that this catalyst is
photo-stable. After four cycles of photocatalysis, a slight increase on the metallic silver peaks
intensity, mainly the peak at 38.18° was observed. No changes in the HTNW characteristic
peaks were detected. This phenomenon suggests an increase in the sample crystallinity with the
irradiation time and has been described for several materials, being attributed to a photo-
irradiation activation process [32].

To go further at this point, after each cycle, the catalyst was analyzed by TEM (Figure 3.11).

| 100 nm 100 nm |

Figure 3.11 - Representative TEM images of the Ag-HTNW sample after the (a) 1%, (b) 2", (c) 3 and (d) 4" photocatalytic
degradation cycle.

As can be observed, the Ag nanoparticles size and amount increase with the number of photo-
radiation cycles, which can be due to a combination of two distinct situations. The UV radiation
promotes the constant Ag® formation, indicating that the Ag-HTNW possesses Ag* enough for
this continuous reduction reaction. The required silver ions must arise from the Ag* located in
the TiOs interlayers. The slow and gradual release of Ag* from HTNW channels has been
previously reported [23]. In addition to the radiation, the hydroquinone or catechol, that are two
well-known phenol photodegradation by-products [31], can act as reducing agents for the Ag
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nanoparticles formation [33]. No modification on the HTNW morphology was detected from
the TEM analyzes after each cycle.

These results are interesting, since, during these four cycles a gradual increase in the Ag
nanoparticles content was observed without any loss of photocatalytic performance. This is not
surprising once it is known that silver nanoparticles when on the surface of a semiconductor it
can cause charge separation of photogenerated electron-hole pairs, thus enhancing the overall
photocatalytic activity [34]. However, as a direct consequence of this increase in the amount
and size of the Ag nanoparticles, the accessibility to the catalytic active HTNW surface should
decrease. However, with no changes in the photocatalytic activity of the sample. Considering
that silver nanoparticles also exhibit considerable UV light absorption due to the inter-band
transition (from the 4d electrons to the 5sp band), they can act, by themselves, as potential
photocatalysts [35].

Based on the experimental results obtained, a mechanism for the main charge-transfer processes
between HTNW and Ag nanoparticles, after being activated by the light, is proposed in Figure
3.12. When an aqueous Ag-HTNW suspension is irradiated with energy higher than its bandgap
energy, electrons (e) and holes (h*) are generated in the semiconductor’s conduction (CB) and
valence band (VB), respectively. The photogenerated holes will react with OH™ or H20
oxidizing them to "OH. The combined action of h* and other highly oxidant species, including
OH, will be responsible for phenol degradation. Simultaneously, the continuous reduction of
Ag" ions to metallic silver consumes electrons, enhancing the separation of electrons and holes,
and consequently reducing the photogenerated charge recombination [10]. Since the Fermi
level on Ag nanoparticles is lower than the conduction band of HTNW, some photo-excited
electrons can be transferred from HTNW CB towards the Ag nanoparticles, forming a Schottky
barrier between HTNW and Ag nanoparticles. This promotes the electron-hole separation and
consequently reduces the electron-hole recombination probability [36,37].

It has also been reported that photogenerated electrons accumulated on Ag nanoparticles surface
could easily transfer to the adsorbed oxygen on the Ag surface and a rapid formation of O,"
species may occur [38]. The O, active species formed, which can participate in the
photocatalytic process, are also able to take part in the Ag* reduction, leading to the increase of
the amount of AgP particles at the surface. This mechanism is in accordance with the XRD and
TEM results showing a gradual increase in the number and crystallinity of Ag° particles during

the four irradiation processes.
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degradation products

phenol + *OH degradation products
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Figure 3.12 - Schematic representation of the energetic structure proposed for the Ag-HTNW nanocomposite particles under
irradiation.

3.5 — Conclusions

Crystalline titanate nanostructures were first sensitized with Ag nanoparticles (Ag-HTNW) by
photo-irradiation of an Ag"HTNW sample, previously obtained by an ion-exchange process.
The XRD pattern of this sample indicates that the Ag* immobilization, in the HTNW, occurs
mainly in the TiOs interlayers. The formation of metallic Ag nanoparticles in the titanate
nanowires surface, through the photo-irradiation, was confirmed by XRD, TEM, and XPS. The
photocatalytic properties of the new sensitized materials were evaluated on the terephthalic acid
and phenol degradation processes. Compared with pristine HTNW, the sensitized sample
demonstrated better photocatalytic performance for both reactions. The results showed that this
sensitized catalyst achieved 98.0% photodegradation efficiency of a 20 ppm phenol solution
within 20 min under UV-vis radiation (13 mg catalyst / L solution). The Ag-HTNW reusability,
as a photocatalyst, was examined in four successive phenol degradation runs and an increase
on the Ag content is noticed during these experiments indicating a continuous growth, in size
and quantity, of the metallic nanoparticles. This shows that is possible to prepare
simultaneously Ag nanoparticles and degrade a phenol aqueous solution, without loss of
photocatalytic performance.

The presence of Ag” ions in the interlayers and Ag nanoparticles in the HTNW surface, decrease
the electron-hole recombination rate. Furthermore, the photogenerated electrons accumulated
on the Ag nanoparticles surface can easily be transferred to the adsorbed oxygen on the Ag
surface and a rapid formation of O>™ species occur. These O™ species which participate directly
in the pollutants photodegradation and the Ag* reduction reaction, leading to the increase of the

Ag particles number in the titanate nanowires surface.
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Chapter 4 — Tailoring titanate nanoparticles photocatalytic properties by
cobalt incorporation

4.1 - Introduction

In semiconductors, it is well known that doping with transition metal ions can introduce new
energetic levels in the forbidden zone, which will act as electron traps, resulting in the
production of some defects and, thus, in a decrease of the charge carrier recombination.
Therefore, transition metal doping is generally accepted as a swift method to improve TNP’
photo-activity under UV-vis radiation [1,2]. Cobalt, a 3d transition metal, has been described
as a dopant element that can significantly narrow the bandgap energy and enhance the optical
absorption, extending the semiconductor material light absorption to the visible range [3].
Previous works, reported by Nunes et al., shown that increasing Co doping concentration in
TiO2 nanoparticles, the Co was uniformly incorporated in TiO2 anatase without changing its
structure, resulting in a decrease in the bandgap energy (red shift) [4]. This reduction as
compared to undoped TiO> it was attributed to new electronic states introduced by the 3d
electrons of the Co?* cations. Choudhury et al., reported that the doping of TiO2 with cobalt
shifts the absorption onset to the visible region and reduces the bandgap energy, and this is
associated with d states of cobalt [5].

The bandgap energy reduction is attributed to either the presence of some mid-band gap states
or to the sp-d exchange interactions of sp electrons of TiO2 nanomaterials with the d-electrons
of Co?* dopants [6]. Jiang et al., reported the synthesis of cobalt doped TiO2 powder using the
hydrothermal method. First principle calculation results reveal considerable 3d impurity states
in the forbidden band after substantial cobalt introduction and this contribute to the
photocatalytic activity under visible light irradiation [7]. In another recent work, Ali et al.
showed that cobalt doped TiO- was successively used for the photodegradation of amido black
dye in water, being its removal mechanism firstly by dye adsorption on the Co/TiO. surface
and then by degradation under UV radiation [8]. Given the above findings, cobalt is an
interesting dopant which can either expand or modify the TiO: lattice with an increase or
decrease in its lattice volume and change its electronic and optical properties [4,9-11].

Even though many of these photocatalysts are effective for the degradation of organic
pollutants, the design of materials that exhibit higher activity under visible light is still a
challenge nowadays. Moreover, the stability and efficiency of these materials are still low and
need to be improved. Searching for new TNP-based photocatalysts with enhanced

photocatalytic activity under visible light irradiation, it was recently reported by our group a
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novel chemical route to synthesize homogenous cobalt-doped titanate nanoparticles (Co-TNP)
with high adsorption ability for methylene blue [12]. Marques et al. [13] reported a modification
of titanate nanotubes (TNT) with cerium by the ion-exchange method. The authors showed the
intercalation of Ce** and Ce3* within the TNT layers. The co-modification of titania nanotubes
with Cr and N was recently reported by Fan et al. [14]. The authors showed the Ti** substitution
by Cr3* ions and conclude that the incorporation of N and Cr dopant into the titania nanotubes
resulted in samples with larger specific surface area and lower bandgap energy, which improves
the photocatalysis activity when compared with the pristine ones. In this case, nitrogen doping
could form a new level located slightly above the valence band, and the overlap of the
conduction band could be formed due to Ti** and Cr3* orbitals. Under light irradiation, electrons
can be excited from low to high levels, such as from the N impurity level to the Cr3* impurity
level, or from the N impurity level to the CB, or from the VB to the Cr¥* impurity level.
Meanwhile, the Cr3* dopant was also used as a charge traps, transferring the interfacial electrons
to degrade the reactant molecule and therefore lower the e/h*™ recombination rate.
Consequently, co-doping with nitrogen and Cr3* ion can result in the enhancement of the
photoactivity efficiency under solar energy [14].

In this chapter, the synthesis of novel cobalt modified titanate nanowires (TNW), with enhanced
optical and photocatalytic properties for emergent pollutants removal, is reported. The synthesis
of TNW modified by cobalt doping (CoTNW) and by Na*/Co ion-exchange (TNW/Co) is
described. The influence of the Co content and/or the Co position in the TNW structure on the
optical and photocatalytic properties of the materials was studied. The photocatalytic activity
of the prepared powders was firstly investigated using the terephthalic acid (TA) as a probe
molecule to study the catalytic production of hydroxyl radical (‘OH). Afterward, the
degradation of phenol and naphthol yellow S (NYS) and brilliant green (BG) dyes, used as
model pollutants, was evaluated under UV-vis radiation. Anticipating real-world situations,

photocatalytic experiments were performed using solutions containing all of these pollutants.

4.2 - Synthesis

A detailed description of the experimental procedure used for titanate nanowires (TNW)
synthesis is shown in Chapter 10.

The TNW amorphous precursor was prepared based on a published procedure [4]. A similar
procedure was followed to produce the Co-containing precursor, but adding the required molar
amount (1% and 5%, nominal molar amount) of metallic cobalt to the titanium trichloride
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solution using the published procedure [12,15]. The pristine and Co-modified TNW particles
were produced at 160°C for 24 hours using a hydrothermal approach reported procedure [16].
The obtained undoped and Co-doped samples were identified as TNW, Co(1%)TNW and
Co(5%)TNW.

The Co ion-exchanged titanate nanowires (TNW/Co) were prepared by adding aqueous cobalt
nitrate, with the required Co molar amount of 5%, to the TNW powder previously prepared.
The resulting suspension was kept under stirring for 7 hours at room temperature. The obtained

Co ion-exchanged sample was identified as TNW/Co(5%).

4.3 — Structural, morphological and optical characterization

The structural characterization of the TNW, Co(1%)TNW, Co(5%)TNW and TNW/Co(5%)
prepared samples was analyzed by X-ray powder diffraction (XRD). The obtained XRD
patterns are presented in Figure 4.1.

As can be seen, the XRD patterns for TNW, Co(1%)TNW, Co(5%)TNW and TNW/Co(5%)
powders, agree with the presence of a crystalline titanate layered structure, type Nao-xHxTi3O7
(0 < x < 2) [17-19]. No signal of undesirable crystalline phases, e.g. cobalt clusters, cobalt
oxides or Co-Ti oxide phases, which are known to exist in the bulk Co-Ti-O phase diagram
[12,20], were observed in the XRD patterns of all Co-modified TNW samples.

a) 0
TNW/Co(5%)
g TNW/Co(B%) | & Co(5%)TNW
= O
% Co(5%)TNW 2 Co(1%)TNW
E Q
= IS
L/L Co(1%)TNW | —
D ——_
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5 15 25 35 45 55 7 )
200 26 ()

Figure 4.1 — (a) XRD patterns of the TNW, Co(1%)TNW, Co(5%)TNW and TNW/Co(5%) prepared samples; (b) detail of the
XRD patterns.

The XRD pattern of the undoped TNW sample shows 26 peaks centered at 10.22°, 24.34°,
28.40°, and 48.43° corresponding to (100), (102), (111) and (303) crystal planes respectively,
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in agreement with a Na>Ti3O7 layered titanate structure [21-26], and in good match with
Na Ti3O7 JCPDS file no. 72-0148. In particular, the diffraction peak at 26 = 10.22° is related
to the distance between the TiOg octahedra sheets that form the layered TNW structure and host
the Na* ions between them. Shifts in this peak are usually indicative of the Na* replacement by
other ionic species, e.g. H* and Ce** [21,26]. This can be seen in the diffractogram of the Co
ion-exchanged TNW/Co(5%) sample, for which the above mentioned peak shifts from 26 =
10.22° to 8.74°, as a result of the incorporation of cobalt via Na/Co ion exchange between the
TiOg sheets.

It should be noted that the observed decrease of the 26 position implies an increase of the
interlayers distance, which is expected since the ionic radius of Na* is smaller than that of
hydrated Co?* [27]. In what concerns the XRD pattern of the Co(1%)TNW sample, it is similar
to that obtained for the undoped TNW sample, with no shift of the peak related to the TiOs
interlayers distance. This indicates that no Na/Co replacement took place for this sample, the
doping most probably occurring by substitution of Ti** by Co?* in the TiOs octahedra of the
TNW crystal structure [12]. Since the effective ionic radius of Co?" is slightly bigger (79.0 pm)
than one of the Ti** (74.5 pm), the replacement of Ti** by Co?" is likely [28,29].

Regarding the XRD pattern of the doped Co(5%)TNW sample, it shows a clear shift of the
aforementioned peak related to the TiOs interlayers, although to a less extent of that observed
for the ion-exchange TNW/Co(5%) sample. This strongly suggests that some cobalt ions were
incorporated between the TiOe layers during the Co(5%)TNW sample synthesis process,
beyond the expected cobalt doping via the Ti**/Co?* replacement in the TiOg octahedra.

The effect of ionic Co presence on the structure of TNW was studied by analyzing the lattice
parameters and the unit cell volume of the synthesized samples. The lattice parameters of the
undoped TNW sample are in good match with that of Na>TizO7 JCPDS file no. 72-0148 (Annex
A — Table A.1), with a unit cell volume deviation of only 3.3% in comparison to the standard
value. Concerning the Co(1%)TNW sample, it presents only a slight increase of the unit cell
volume concerning the value determined for the undoped TNW sample. However, the Ve
values increase significantly for the Co(5%)TNW and TNW/Co(5%) samples, which supports
the above-mentioned hypothesis that some cobalt ions were incorporated between the TiOs
layers during the Co(5%)TNW sample synthesis process, beyond the intended cobalt doping

via replacing the Ti**/Co?*.
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The morphology of the pristine and Co-modified TNW samples was evaluated by transmission
electron microscopy (TEM). The TEM images for TNW, Co(5%)TNW, Co(1%)TNW and
TNWI/Co(5%) samples are presented in Figure 4.2.

k t s . Fr ok k. o dlunm
Figure 4.2 - TEM image of the (a) TNW, (b) Co(5%)TNW, (c) Co(1%)TNW and (d) TNW/Co(5%) samples.

o A

As can be seen, all samples present similar morphology, consisting of homogeneous elongated
nanowires with a diameter of ~7 nm and a high length/diameter aspect ratio. No influence of
either the Co doping or the Co ion-exchange step was noticed on the morphology of the samples
[12]. For the 5%, cobalt modified samples, i.e. Co(5%)TNW and TNW/Co(5%) samples, the
presence of the Co in addition to Ti, O and Na elements was confirmed by EDS (not shown).
This analysis was not possible for the Co(1%)TNW sample due to equipment limitations.

The specific surface area of the samples was evaluated by the B.E.T. method. The pristine TNW
sample shows a value of 288.60 m? g™*. In comparison, the Co-doped samples present a slight
decrease of the specific surface area: 241.59 m? g* and 267.22 m? g* values were obtained for
the Co(5%)TNW and Co(1%)TNW samples, respectively. In contrast, the Co ion-exchange
TNW/Co(5%) sample presents a specific surface area of 298.88 m? g, higher than that
obtained for the pristine powder, this result being also consistent with the substitution of sodium
by cobalt in the TNW lamellar structure, as previously shown by Morgado et al. [30].

Raman spectroscopy was used to further investigate the structure of the prepared samples.
Figure 4.3 shows the Raman spectra of all the prepared samples (TNW, Co(1%)TNW,
Co(5%)TNW and TNW/Co(5%)).
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Figure 4.3 - Raman spectra of the TNW, Co(1%)TNW, Co(5%)TNW and TNW/Co(5%) samples.

Raman spectra of TNW show bands near 120, 155, 192, 276, 377, 449, 670, 825, and 914 cm”
1. A comparison of the Raman spectra of the synthesized samples with those reported in the
literature shows that the set of observed bands agrees with that of NaTisO7 [17,26,31,32].

It should also be noted that a direct comparison of the TNW’ Raman spectra with that of TiO2
has strong limitations. It is known that titania exists in three common crystalline structures;
rutile (tetragonal), anatase (tetragonal), and brookite (orthorhombic), and belong to space
groups Dan (P42/mnm), Dan (I41/amd), and Don (Pbca) respectively. However, at room
temperature, bulk Na,Ti307 exhibits a lamellar monoclinic structure within the space group Can?
(P21/m) [31]. Moreover, rutile TiO2 has four Raman active modes (A + B1g + B2g + Eg) located
at 144, 448, 612, and 828 cm™ and anatase TiO, has six Raman active modes (Aig + 2B1q +
3E,) at 144, 192, 395, 515/519 and 638 cm™. Therefore, the Na2TisO7 Raman spectra and the
respective structures are different from those of anatase and rutile phases, although some peaks
appeared in the vicinity of the active modes owing to the TiO2 derived origin. Furthermore, 69
vibrational modes are predicted for Na,TizO7 bulk structures distributed among the irreducible
representations as follows: 24Aq + 11A, + 12B¢ + 22 B, [31]. Additionally, as the nanotubes
have a scroll-like structure there is no radial symmetry, therefore it is not appropriate to apply
standard factor group analysis.

According to previous studies, Raman peaks at 155 and 192 cm™ correspond to the Na—O-Ti
lattice modes, while those located at ca. 276, 449, 670 and 693 cm™ can be ascribed to the Ti—
O-Ti stretching in edge-shared TiOs [17,19,26]. The band at 914 cm™ is attributed to the

118



Chapter 4 — Tailoring titanate nanoparticles photocatalytic properties by cobalt incorporation

stretching vibration of the shorter Ti—O bonds whose oxygen is not shared among the distorted
TiOg units.

The Raman spectrum of the Co(1%)TNW sample is similar to that obtained for the undoped
TNW sample, without any detectable peak shifts within the spectral resolution used. This seems
to support the hypothesis that, at this low doping level, only the substitution of Ti** by Co?" in
the TiOe octahedra occurs. However, the Raman spectra of doped Co(5%)TNW and ion-
exchanged TNW/Co(5%) samples display quite different features. The analysis of the obtained
spectra indicates a clear influence of the Co doping level and the ion position in the structure
of the TNW. The samples’ spectra show that both the highest frequency mode (914 cm™) and
the lowest frequency modes (155 and 192 cm™) have their wavenumbers and intensities affected
either by the higher doping level or by the Co ionic position, similarly to that reported by
Marques et al. for Ce** doping/intercalation within the titanate nanotubes [26]. Besides, the
Co(5%)TNW sample shows an increase in the intensity ratio between the modes at 825 cm™
and 670 cm™.

The Raman modes at 825 cm™ and 914 cm™ are not observed for the ion-exchanged
TNW/Co(5%) sample, instead, a new mode appeared at about 860 cm™. Furthermore, the
spectrum of the Co(5%)TNW sample presents a clear broadening and shifting of the
wavenumber modes at 449 cm™ and 670 cm™ to 435 cm™ and 693 cm™, respectively. The fact
that these modes correspond to the Ti—O-Ti stretching in edge-shared TiOs strengthens the
aforementioned hypothesis that some ionic cobalt was incorporated between TiOs layers during
the Co(5%)TNW sample synthesis process, beyond the expected Co doping via the Ti**/Co?*
substitution into the TiOe octahedra. The ion-exchange TNW/Co(5%) sample shows a similar
behavior although less pronounced, the peak at 670 cm™ shifting to 683 cm™. Additionally, the
disappearance of the 914 cm™ mode and the appearance of a new mode at 860 cm™, observed
for the ion-exchanged TNW/Co(5%) sample, may be seen as a signature of substitution of Na*
by ionic hydrated Co into TNW interlayers [31,33,34]. The TNW’ interlayer modification can
also be pursued in the low wavenumber range, where the lattice Raman mode at 192 cm shifts
to 190 cm? and the intensity of the mode at 155 cm™ decreases (or vanishes) with the
substitution of Na" by ionic hydrated Co [26]. Thus, the different degrees of structural
rearrangement of the prepared samples induced either by Co doping or by Co ion exchange can
be attributed to the Raman modes of the samples and are in accordance with the XRD data
previously discussed.

The optical characterization of the samples was carried out by measuring their diffuse

reflectance, R, in the UV-Vis region. R is related to the absorption Kubelka—Munk function,
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Fxwm, by the relation Fxm (R) = (1-R)%/2R, which is proportional to the absorption coefficient

[35]. The samples’ absorption spectra are shown in Figure 4.4.
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Figure 4.4 — Optical spectra of the TNW, Co(1%)TNW, Co(5%)TNW and TNW/Co(5%) samples.
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As can be seen in Figure 4.4, the light absorption edge of the TNW samples is red-shifted after
Co modification. The Co-containing samples absorb radiation in the visible region, the
Co(5%)TNW sample being the one with higher light absorption capability. The observed
optical red shift for the Co-modified samples can be attributed to the insertion of the Co 3d
orbitals within the forbidden band and subsequent charge-transfer transition between the d-
electrons of the dopant and the conduction band of the TNW, besides the defects associated
with oxygen vacancies generated for charge balancing when Co?* replaces the Ti** in the TiOs
octahedra TNW building blocks [12].

The UV-Vis spectra of Co-doped TNW samples also exhibit an absorption band at around 480
650 nm, a typical feature associated with transition metal doped semiconductors which may
arise from charge transfer and d—d transitions of the metal [36]. According to Morgado et al.
the introduction of Co?* 3d states into the trititanate crystal structure results in their splitting,
leading to the formation of lower and higher 3d energy states [30]. This hypothesis should be
experimentally supported by an increase of the d—d transitions with increasing Co content. The
analysis of the results obtained for the doped Co(1%)TNW and Co(5%)TNW samples does not
allow reaching this conclusion; indeed the Co(5%)TNW absorption band centered at 580 nm is

weaker than that of Co(1%)TNW. This result strongly suggests the co-existence of cobalt in the
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crystalline lattice and in the interlayers in accordance with the XRD and Raman data. Moreover,
this is also supported by some similarities between the optical behavior of the Co(5%)TNW
and TNW/Co(5%) samples, especially for wavelengths below 480 nm. Concerning the optical
red shift of the ion-exchanged TNW/Co(5%) sample, the intercalated Co ions in the interlayer
region may form a one-dimensional Co chain, the overlapped Co-3d orbitals along the channel
resulting in a delocalized 1D band below the Fermi level which extends the absorption edge
into the visible region, similarly to what happens when Fe is intercalated in TNW based
structures [37].

The optical bandgap energy of the samples was calculated using the procedure previously
described [38], by plotting the function fkm = (Fkm.kv) 2 vs. o (Tauc plot). The values of 3.27
+ 0.03 eV, 2.43 £ 0.05 eV and 2.27 = 0.02 eV were obtained for TNW, Co(1%)TNW and
TNWI/Co(5%) samples respectively. No accurate bandgap energy was possible to infer for the
Co(5%) TNW sample since no well-defined band absorption edge was observed due to its near-
continuous absorption in the UV-vis region.

To gain a deeper insight into the electronic structure of the synthesized materials, all samples
were analyzed by XPS. Figure 4.5(a and b) shows the survey spectra of the pristine TNW and
Co(5%)TNW samples. The spectra of Co(1%)TNW and TNW/Co(5%) samples are similar to
those obtained for Co(5%)TNW (results not shown). In addition to the Na 1s, Ti 2p, and O 1s
photoelectron peaks typical of the TNW (Figure 4.5(a)), the Co(5%)TNW, Co(1%)TNW, and
TNWI/Co(5%) XPS survey spectra show a Co 2p doublet peak (Figure 4.5(b)).

The high-resolution spectra of Ti 2p and O 1s regions for TNW and Co(5%)TNW samples, and
Co 2p regions for all the samples with cobalt (Co(1%)TNW, Co(5%)TNW and TNW/Co(5%))
are presented in Figure 4.5.

The XPS spectrum of the TNW sample shows the Ti 2ps;2 and 2pi1 peaks at 458.641 and
464.441 eV, respectively (Figure 4.5(c)). An identical profile was observed for the
Co(1%)TNW and TNW/Co(5%) samples (not shown). However, for Co(5%)TNW sample a
slight shift of these peaks, to 458.241 and 464.157 eV, respectively, due to the higher Co doping
level was observed (Figure 4.5(c)).

For the TNW and Co-modified TNW samples, the doublet splitting energies of the Ti 2p peaks
are between 5.7 to 5.9 eV, which also agrees with the presence of titanium only as Ti** in all
samples [39,40]. Indeed, no signals are perceptible in the 456.2—457.4 eV range which can be
ascribed to Ti%* [41,42].
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Figure 4.5 — XPS survey spectra of the (a) TNW and (b) Co(5%)TNW samples. XPS high-resolution spectra of the (c) Ti 2p,
(d) O 1s and (e and f) Co 2p regions.
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The main peak in the O 1s core-spectra at ca. 530 eV (Figure 4.5(d)) corresponds to lattice
oxygen and it has some contribution of the sodium Auger peak (Na KLL). The high-resolution
spectra of the Co 2p region for the TNW/Co(5%) and Co(5%)TNW samples are presented in
Figure 4.5(e). Concerning the ion-exchange TNW/Co(5%) sample, the binding energies related
to the Co 2p12 and Co 2ps2 peaks are ~ 780 and ~ 796 eV, respectively. Also, the satellite lines
of these two peaks, which are characteristic of the Co(ll) oxidation state, are clearly visible for
higher energies. A comparative analysis of this spectrum with that of the doped Co(5%)TNW
sample shows a shift of the Co 2p12 and Co 2pas; peaks towards to higher energies and a
decrease of the respective satellite features, which indicate the existence of Co(ll) and Co(lll)
oxidation states [43]. These results are in accordance with those previously reported by Wu et
al. [44] and seems to support the assumption that during the hydrothermal process the precursor
powders were firstly dissolved in NaOH solution before the formation of the TNW sheets
[44,45]. Accordingly, some ionic cobalt is dissolved, probably in both Co?* and Co®" oxidation
states, remaining afterward in solution and thus leading to Co-doped TNW samples with cobalt
in two distinct positions: replacing some Ti** in the TiOs octahedra (crystalline network) and
between the interlayers.

Once the nanowires thickness is inferior to the XPS radiation penetration, the quantification of
the cobalt content in the prepared TNW based samples was also performed. A cobalt content
value of 1.7 at%, corresponding to a Co/Ti ratio of 6.38%, was estimated for the ion-exchange
TNWI/Co(5%) sample. On the other hand, cobalt content values of 0.21 at% (Co/Ti = 0.83%)
and 1.41 at% (Co/Ti = 6.26%) were obtained for the Co(1%)TNW and Co(5%)TNW samples,
respectively. It is worth noting that the samples’ Co content as determined by XPS is close to
the samples’ nominal Co content. Additionally, the Na* content of the ion-exchange
TNWI/Co(5%) sample is lower than the content values obtained for the doped samples, in
accordance with the expected higher level of Na*/Co?* substitution in the TNW interlayer

structure of that sample.

4.4 - Photo-induced hydroxyl radical production

Anticipating the use of the prepared materials as photocatalysts, the evaluation of their
photocatalytic performances for the hydroxyl radical ("OH) production, one of the most
oxidative species in advanced oxidative treatments, was studied. Terephthalic acid (TA), was
used as a probe molecule and, the generation and quantification of "“OH were analyzed by
fluorescence spectroscopy, as previously discussed in Chapter 1 - Section 1.3. Figure 4.6 shows
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the amount of 2-hydroxyterephthalic acid, HTA, produced by TA/catalyst suspensions
irradiated for 20 min with UV-vis radiation.

—*— Photolysis
—A&— TNW

—o— Co(5%)TNW
—o— Co(1%)TNW
—— TNW/Co(5%)

(C-Co) yra(a.u.)

time (min)

Figure 4.6 — HTA concentration during 20 min of UV-vis irradiation of a TA solution (3 mM, 150 mL) using 10 mg of
each photocatalyst.

As can be seen in Figure 4.6, all the prepared samples demonstrated catalytic activity for this
reaction, the Co(1%)TNW sample being the best catalyst for the photo-induced hydroxyl
radical production after 20 min of irradiation. Taking the TA photolysis performance as a
reference, an increase of 75% in the radical production was attained using the Co(1%)TNW
sample as a catalyst, while increases of 64% and 61% were attained for Co(5%)TNW and TNW
samples, respectively. The slight decrease in the *OH production observed for these samples
after 20 min of irradiation can be explained by the partial photodegradation of HTA [46]. Using
the cobalt ion-exchanged TNW/Co(5%) sample, a relative increase of 46% in the reaction yield
was observed.

These results allow concluding that the cobalt doping leads to an enhancement of the TNW
photocatalytic performance for this reaction. Those results also agree with published works, for
which a catalytic activity enhancement is usually attributed to doped samples and is dependent
on the metal substitution degree; lower metal substitution levels usually leading to better

catalytic performances [47-49].
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4.5 - Adsorption and photocatalytic studies

4.5.1 — Phenol, naphthol yellow S and brilliant green adsorption

The photocatalytic ability of the pristine and Co-modified TNW samples for pollutants
photodegradation processes was examined by monitoring the degradation of several organic
model compounds. To evaluate their photocatalytic flexibility, phenol, a more anionic
compound — naphthol yellow S (NYS) — and a more cationic compound — brilliant green (BG)
—were chosen as model pollutants. The schematic representation of these three model pollutants

IS presented in Figure 4.7.

a) b) c)
OH O'Na" oo
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Figure 4.7 — Schematic representation of (a) phenol, (b) naphthol yellow S and (c) brilliant green molecules.

Due to their importance in heterogeneous photocatalytic processes, the adsorption
characteristics of each catalyst/pollutant system were evaluated prior to the photocatalytic

experiments and the results are summarized in Figure 4.8.
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Figure 4.8 - Phenol, BG and NYS adsorption ability using pristine TNW, Co(1%)TNW, Co(5%)TNW and TNW/Co(5%)
samples as adsorbents.

Contrarily to phenol and BG, the NYS did not show any affinity for adsorption either on the

pristine TNW or on the TNW modified samples. The immobilization of BG seems to be almost
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independent of the surface nature. Indeed, values between 374 and 354 mg g were obtained
for the TNW and Co(5%)TNW samples, respectively. Concerning the phenol adsorption, a
value of 111.4 mg g was obtained for the pristine TNW sample. Regarding the doped samples,
the amount of adsorbed phenol increases from 223.6 to 347.2 mg g when the nominal cobalt
increases from 1% (Co(1%)TNW sample) to 5% (Co(5%) TNW sample). For the ion-exchanged
TNW/Co(5%) value of 265.2 mg g was determined.

To decide the most appropriate duration of each pollutant photodegradation experiment, some
preliminary photolysis runs were carried out. A period of 90 min was considered adequate for
the 20 ppm phenol solution, a period of 45 min for the 20 ppm NYS solution, and also for the
10 ppm BG solution degradation.

4.5.2 — Phenol photocatalytic degradation
The photocatalytic efficiency of the pristine and Co-modified TNW samples, on the degradation
of a 20 ppm phenol solution, was studied for 90 min. The results were analyzed by GC-MS and

the phenol concentration profiles during irradiation time are depicted in Figure 4.9.
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Figure 4.9 — Concentration of phenol during 90 min of irradiation using TNW, Co(1%)TNW, Co(5%)TNW and TNW/Co(5%)
samples as photocatalysts.

As can be seen, after a dark period of 60 min, 11.8% of the initial phenol was adsorbed by the
TNW surface sample. However, using the Co(1%)TNW and TNW/Co(5%) samples 23.5% and

28.3% of phenol was adsorbed by these samples, respectively. Furthermore, the highest amount
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of phenol adsorbed was 37.5% on the Co(5%)TNW surface (the sample with the lower surface
area: 241.59 m? g1,

Regarding the irradiation period, all the tested samples demonstrated the ability to photodegrade
this pollutant. After 30 min of irradiation, the phenol degradation was practically completed
(98.3%) using the Co(1%)TNW sample as a photocatalyst, which contrasts with the 83.8% of
degradation achieved by the less catalytic sample, the pristine TNW powder. For the same
irradiation period, photodegradation of 93.9% and 87.6% were attained using the Co(5%)TNW
and TNW/Co(5%) samples, respectively. These results are in agreement with published studies
corroborating that metal doping usually enhances the catalytic properties of the pristine material
[47-49]. Itis interesting to highlight that the best results were accomplished by the sample with
the lowest cobalt doping level. Although the Co(5%)TNW and TNW/Co(5%) samples are both
catalytic for this degradation process, an additional time of 30 min was required to complete
the phenol degradation using Co(5%)TNW sample, and more 30 min were necessary to attain
identical degradation level using the TNW/Co(5%) sample.

4.5.3 - Brilliant green (BG) photocatalytic degradation

The photocatalytic efficiency of the TNW and Co-modified TNW samples on 10 ppm BG
solution degradation was evaluated during 45 min of irradiation (Figure 4.10). For comparative
purposes, the dye photolysis was also evaluated.

Figure 4.10(a) depicts the dye UV-vis spectra during irradiation, in the presence of the
Co(1%)TNW sample as a catalyst. As previously discussed, the extensive dye adsorption is
easily confirmed by the intensity decrease of the 624 nm peak at t = 0 spectrum. As can be seen,
during irradiation all the characteristic dye absorption bands decrease gradually with time,
which indicates a progressive removal of the dye. Moreover, the disappearance of the lower
wavelength absorption bands (typical for aromatic rings), for longer irradiation times, indicates
the degradation of the by-products meanwhile formed.

Figure 4.10(b) depicts the BG degradation over the irradiation time, for all the samples tested.
As visible in Figure 4.10(b), after 60 min in darkness, 75%, 71%, 74% and 74% of the initial
dye were removed from solution by adsorption, using TNW, Co(5%)TNW, Co(1%)TNW and
TNWI/Co(5%) respectively, as adsorbents.

After turning on the lamp all the samples demonstrated catalytic activity for the dye
photodegradation reaction. After 20 min of irradiation, the best sample for the BG removal was
the TNW/Co(5%) powder with a 99% decrease in the dye concentration. The second best
photocatalyst seems to be the Co(1%)TNW with 97% removal. However, considering that
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Co(1%)TNW sample adsorbs more dye then the Co(5%)-TNT sample, the dye degradation at
20 min is better for the latter catalyst (97%). Nevertheless, it should be pointed out that after 45
min, the removal performances of all Co-modified samples were identical and better than that

of the pristine TNW sample.
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Figure 4.10 — (a) Electronic spectra of a 10 ppm BG solution during 45 min of irradiation using Co(1%)TNW as a photocatalyst
and (b) concentration of BG versus irradiation time using the prepared samples as catalysts.

4.5.4 - Naphthol yellow S (NYS) photocatalytic degradation
The photocatalytic efficiency of the prepared samples was also tested in the degradation of an
NYS dye 20 ppm solution during 45 min of UV-vis irradiation. Figure 4.11(a) shows the

electronic NYS spectra during the irradiation period, in the presence of Co(1%)TNW. The
reduction of the NYS dye concentration during photoirradiation, using TNW, Co(1%)TNW,
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Co(5%)TNW and TNW/Co(5%) as catalysts, is shown in Figure 4.11(b). Since no NYS
adsorption occurs prior to irradiation, the adsorption period was not considered in the graphs.

As can be seen in Figure 4.11(a), the intensity of all the characteristic absorption bands of the
dye decreases with increasing irradiation time, which indicates a gradual removal of this
pollutant. However, the unexpected gap between the 10 and 20 min spectral profiles suggests
the existence of two distinct stages during this process. This phenomenon was not observed for

the photolysis and/or other catalyzed experiments.
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Figure 4.11 — (a) Electronic spectra of a 20 ppm NYS solution during 45 min of irradiation using Co(1%)TNW as photocatalyst
and (b) concentration of NYS versus irradiation time using the prepared samples as catalysts.

As visible in Figure 4.11(b), after 30 min of irradiation, the dye degradation was complete using
Co(1%)TNW as photocatalyst. For the same period, a reduction of 74% of the NYS
concentration was achieved using the Co(5%)TNW sample, whereas only a reduction of 45%

was attained using either the pristine TNW or the TNW/Co(5%) sample as catalysts. After 45
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min of irradiation, the use of the Co(5%)TNW sample enabled achieving a reduction of 91% of
the NYS concentration, but only a reduction of 67% and 60% of the dye concentration was
observed when using the TNW/Co(5%) and TNW samples, respectively. Therefore, among the
prepared samples, the best catalyst for the NYS photodegradation is the Co(1%)TNW sample.
Longer irradiation times are required for the other three samples to accomplish the complete
dye photodegradation.

The overall analysis of the photodegradation results obtained strongly supports that the
existence of Co as a doping element in the TNW crystal structure (replacing the Ti*") is more
advantageous for these oxidative processes when compared with the cobalt located between the
TiOs interlayers, replacing only the Na*.

Taking into account the present results and the reported band structure calculations for Co-
doped TiO», [50,51] a mechanism for the light-activated charge-transfer processes in the Co-
modified TNW is proposed in Figure 4.12. Accordingly, the valence band (VB) of the Co-
modified TNW is derived primarily from O 2p-levels, the conduction band (CB) from the Ti
3d-levels, and the crystal field split Co 3d-levels forming localized bands within the original
bandgap energy. For Co-doped TiO-, Ha et al. [50] estimated that the partially filled Co 3d
band is located 2.2 eV below the conduction band. Therefore, when an aqueous Co modified
TNW suspension is irradiated with higher energy than TNW’ bandgap energy, electrons (€7)
and holes (h™) are generated in the semiconductor’ conduction and valence bands, respectively,
and the Co 3d band increasing the availability of the photogenerated charge carriers. The
photogenerated electrons could easily transfer to the adsorbed oxygen and a rapid formation of
O2" species can occur. The formed O™ active species will participate in the photocatalytic
oxidation processes, while the photogenerated holes will react with OH™ or H20 oxidizing them
to "OH radicals. The combined action of h* and the other highly oxidant species, including *OH,

will be responsible for the pollutant degradation.

H,O, OH-

Figure 4.12 — Band structure scheme of Co-modified TNW and the mechanism of photo-induced oxidant radical formation.
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4.5.5 - Pollutants mixture photodegradation

Supported by the above-described results and considering that in the real world the
simultaneous degradation of several pollutants is required in numerous situations, the
degradation of a mixture composed of phenol, naphthol yellow S and brilliant green was carried
out. The Co(1%)TNW sample was selected as a catalyst for this study since it demonstrated to
have the best catalytic performance. The concentration of each pollutant in the mixture solution
was identical to that used in each individual photodegradation study. The period of irradiation
was extended to 150 min once the amount of catalyst used was also the same (0.13 g L™). The

obtained results are depicted in Figure 4.13.
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Figure 4.13 — Decrease of the phenol (a), BG (b) and NY'S (c) concentration in a pollutant mixture solution, during 150 min of
irradiation, using Co(1%)TNW as a catalyst and during photolysis.

131



Chapter 4 — Tailoring titanate nanoparticles photocatalytic properties by cobalt incorporation

Considering first the photolysis experiments, it should be noted that the use of a pollutant
mixture solution leads to a slower overall degradation process in comparison to that occurring
in single solutions (Figure 4.13). The phenol photodegradation rate was the process most
negatively affected by the ‘mixture effect’. Actually, for a period of 90 min, 83.1% of phenol
present in the single solution was degraded via photolysis while a value of only 68.6% has been
achieved for the pollutant mixture solution. Similarly, for 45 min of irradiation, 83% of the BG
dye was degraded when in a single solution, whereas only 73% was degraded when taken in
the mixture solution. Also, upon 45 min of irradiation, the NYS photolysis leads to a
degradation of 28% and 17% of this dye in the single solution and in the pollutant mixture
solution, respectively.

Considering now the photocatalytic experiments on the pollutants mixture solution, the
Co(1%)TNW sample demonstrated the best catalytic activity as expected. After 150 min of
irradiation, less than 1% of phenol, 1% of BG, and 26% of NYS remained in the mixture
solution (Figure 4.13(a—c)). During the photodegradation period, the pollutant that was faster
removed from the solution was the BG dye (45 min, 98% degraded). To achieve an identical
phenol degradation level, an irradiation time of 135 min was required.

It is interesting to notice that, during the adsorption period, the NYS present in the pollutant
mixture demonstrated some ability to be adsorbed by the Co(1%)TNW. Indeed, 17% of the dye
was adsorbed, contrasting with the absence of NYS adsorption when used individually with the
same photocatalyst, as previously described in section 4.5 and shown in Figure 4.8. This fact is
more interesting if it is taken into consideration that a relatively smaller amount of solid was
available for the simultaneous adsorption of the three pollutants. Preliminary studies, involving
the stepwise adsorption of these three pollutants, were performed and the results seem to
indicate the occurrence of a multi-layer adsorption process, the NYS adsorption being
dependent on the previous adsorption of BG. A systematic investigation of this phenomenon
was not the goal of this work. However, the importance of these studies for the correct
evaluation of the catalytic performances of materials should be carefully considered.

4.5.6 — Kinetic studies
The pollutant photodegradation data previously discussed allow going further into the kinetics
of the several degradation processes studied (Figure 4.14). The photocatalytic degradation rate

of most organic pollutants follows the pseudo-first-order Kinetics:
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In (%j =kt

where C is the pollutant concentration at time t, Co is the pollutant concentration at time zero

(4.1)

and kap is the apparent reaction rate constant. Therefore, plotting In Co/C versus t, the

experimental data can be fitted by a straight line, whose slope is the apparent first-order rate

constant Kap.

Figure 4.14 shows the characteristic plots of the phenol and BG kinetic degradation processes,

using either single solutions or a pollutant mixture solution, and for an irradiation period of 30

min. The plots corresponding to the photolysis are shown for comparative purposes.
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Figure 4.14 — Kinetics of the photodegradation reaction of phenol and of BG, in single solutions and in a pollutant mixture
solution (a and b) via photolysis and (c and d) using Co(1%)TNW as a photocatalyst.
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It should be noted that no satisfactory fittings were obtained for the NYS dye photodegradation.
The apparent first-order rate constants obtained for the photodegradation processes of phenol
and BG in single solutions catalyzed by the Co(1%)TNW powders are kap = 0.130 + 0.005 s
and ks = 0.109 + 0.0043 s, respectively, the phenol in a single solution being the faster
pollutant to be degraded. The opposite occurs when one considers the pollutant mixture
solution, the phenol degradation rate being kap = 0.035 + 0.001 s, lower than that obtained for
the degradation of BG, ks = 0.060 + 0.005 s%. It is also interesting to note that, when using
Co(1%)TNW as a photocatalyst, the differences between the ks values obtained for the single
solutions and that deduced for the pollutant mixture solution are larger than the difference
between that values considering photolysis. These results reinforce the importance of the
studies with pollutant mixture solutions for the accurate assessment of the photocatalytic

performance of materials.

4.6 - Conclusions

Titanate nanowires (TNW) modified by cobalt doping (CoTNW) and by Co ion-exchange
(TNWI/Co) were successfully prepared by the hydrothermal method.

The influence of the nominal cobalt doping level and the cobalt position in the TNW crystalline
structure were studied. XRD, Raman and XPS characterization strongly support that Co doping
was accomplished for the doped samples by Ti**/Co?* substitution in the TiOg octahedra of the
TNW crystalline structure, whereas the incorporation of cobalt between the TiOg layers via the
replacement of Na* ions by hydrated Co ions occurred for the ion-exchanged samples.

Beyond the expected doping by Ti**/Co?* substitution, structural analyses of the doped sample
with a higher cobalt content (Co(5%)TNW) suggest the co-existence of some cobalt ions
between the TiOs layers. This particular result seems to agree with the assumption that during
the hydrothermal process the precursor powders were firstly dissolved in NaOH solution before
the formation of the TNW sheets. Consequently, some ionic cobalt is dissolved, remaining
afterward in solution and thus leading to Co-doped TNW samples with cobalt in two distinct
positions. Although no perceptible influence of the Co ion position was observed on the
morphology of the prepared samples, the optical behavior of the Co-modified TNW samples is
clearly dependent on either the cobalt ions substituting the Ti** ions into the TiOg octahedra or
replacing the Na* ions between the TiOeg layers. The absorption spectra of the samples showed
that all the Co-modified TNW samples absorb radiation in the visible region, Co(5%)TNW
being the one with a higher light absorption capability. The optical red shifts shown by the Co-
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modified samples may be attributed to the insertion of the Co 3d orbitals within the forbidden
band and the subsequent charge-transfer transition between the d-electrons of the dopant and
the conduction band of the TNW. For the Co-doped TNW samples, the UV-vis spectra also
exhibit a typical absorption band associated with transition metal doped semiconductors which
arise from charge transfer and d—d transitions of the metal. A comparative analysis of the optical
behavior of the doped and ion-exchanged samples also suggests the co-existence of cobalt in
the TiOs octahedra and between the TiOg sheets in the Co(5%)TNW sample.

The catalytic ability of these materials for pollutants photodegradation was also investigated.
First, the catalytic production of the hydroxyl radical was evaluated. Subsequently, phenol,
NYS, and BG were used as model pollutants. Anticipating real-world situations, photocatalytic
experiments using a mixture solution of these three pollutants were performed. It was shown
that the Co modified TNW materials (CoTNW and TNW/Co) are good catalysts, the
photocatalytic performance being dependent on the Co/Ti ratio and on the structural Co
position. The Co(1%)TNW doped sample showed the best photocatalytic activity for all the

degradation processes studied.
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