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Summary

The research in this Thesis has been mainly performed at the research group
Trataguas, from the Departamento de Ingenieria Quimica y Quimica Fisica of the
Universidad de Extremadura. It is a part of an extensive research program on the
elimination of emerging contaminants in water through the application of advanced
oxidation processes (AOPs), being developed by the Trataguas group and financed
by several funds. Particularly, this research has been supported by the Ministerio de
Economia y Competitividad (Spain) through the projects CTQ2009-13459-C05-05
and CTQ2012-35789-C02-01, titled “Integracion de procesos de fotocatdlisis solar
en la depuracion biologica de aguas residuales para la eliminacion de
contaminantes emergentes” and “Preparacion de catalizadores y su aplicacion en
la eliminacion de contaminantes refractarios de aguas residuales mediante
ozonacion fotocatalitica”, respectively. It has been also granted by FEuropean
Regional Development Fund (EFRD). A part of this research was carried out at the
research group of Environmental Nanocatalysis & Photoreaction Engineering of
the Department of Chemical Engineering at Loughborough University (United
Kingdom) thanks to a research visit supported by the Ministerio de Economia y
Competitividad (Grant reference: EEBB-1-13-06251).

The significance of this Thesis lies in bringing up effective alternatives to combat
the plight of the presence of priority and emerging contaminants (ECs) in water.
Many of these substances have been found to be recalcitrant to biological and
physicochemical processes conventionally applied in wastewater treatment plants
and, as a result, there is a widespread occurrence of them in water bodies with the
consequent potential risk to all living species. This has arisen great interest in the
scientific community to develop new treatment technologies to deal with this kind
of contaminants in order to improve the quality of the treated wastewater prior to
be safely discharged into public water bodies or even to make possible its reuse.

Priority pollutants are chemicals which present a significant risk to or via the
aquatic environment. The FEuropean Union, through the Directive on
Environmental Quality Standards (Directive 2008/105/EC), designated 33
substances or groups of substances as priority or priority hazardous substances
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including metals and their compounds, pesticides and polyaromatic hydrocarbons
among others. As a review of the priority substances provisions has to be done at
least every four years, in 2012 fifteen new substances were proposed as priority
pollutants, including some pharmaceutical compounds such as 17 o—
ethinylestradiol or diclofenac. On the other hand, ECs or contaminants of emerging
concern are chemicals that recently have been shown to occur widely in water
resources and identified as being a potential environmental or public health risk,
and yet adequate data do not exist to determine their risk. They are to be included
in the list of priority pollutants if their risks are confirmed.

The ECs category includes personal care products, pharmaceuticals, drugs,
surfactants, industrial additives, pesticides, and household products, etc.
Particularly, pharmaceutical products, some industrial additives and pesticides have
recently focused special attention of the research community. Pharmaceuticals, due
to their high worldwide demand, are continually discharged into the environment
through domestic, hospital and industrial drains, whereas industrial and agricultural
residues can contaminate large quantities of water, as these sectors consume most
of the fresh water available for human activities (19% and 70% respectively
according to the Food and Agriculture Organization of the United Nations, 2010).

In recent decades, a number of advanced oxidation processes (AOPs) have been
researched and developed as alternatives to conventional treatments (e.g.,
biological and physicochemical methods) for the removal of priority and emerging
pollutants. All AOPs are characterized by their capability of exploiting the high
reactivity of free radicals, mainly hydroxyl radical (OH), which are suitable for
achieving high removal and mineralization of pollutants. Among the most studied
AOPs, Fenton and photo-Fenton like processes, TiO, photocatalytic oxidation or
ozone-based processes such as O3/H,0, or O3/UV systems can be highlighted.

As one of the limitations for the application of photochemical AOPs at industrial
scale is their high operativity costs, the use of sunlight as a natural source of
radiation is proposed, thus avoiding costs associated with acquisition, maintenance,
replacement and power consumption of UV lamps.

In this Thesis, the degradation of several compounds, which have been selected as
model representatives of various types of priority and emerging contaminants, has
been studied. Particularly, the model compounds used in this research are
acetaminophen (analgesic and anti-inflammatory), antipyrine (analgesic and
antipyretic), metoprolol (p-blocker), caffeine (stimulant), testosterone (steroid
hormone), bisphenol A (industrial plasticizer), diuron (herbicide), MCPA
(herbicide), o-phenylphenol (bacteriostat and fungicide) and terbuthylazine
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(herbicide). These compounds have been subjected to some AOPs, including
photo-assisted Fenton-like, ozonation and photocatalytic oxidation processes, as
well as several combinations of them. Natural and simulated solar light have been
used throughout the research as radiation source. Of special interest in this work
are some solar photocatalytic ozonation processes, which make simultaneous use
of ozone, solar radiation and catalysts.

This Thesis was designed to cover three main parts:

= Firstly, the research was focused on the application of some solar photocatalytic
(based on the use of iron as catalyst) and ozonation processes for the
degradation of a mixture of acetaminophen, antipyrine, bisphenol A, caffeine,
metoprolol and testosterone in water. The degradation experiments were
conducted in a pilot plant that makes use of sunlight as energy source. The
efficacy of each system in terms of mineralization was evaluated. Also, the
synergistic effects by simultaneous application of ozonation and photocatalysis
were assessed in terms of mineralization, ozone consumption and reaction rates.
Additionally, titanium dioxide (TiO, P25) was used as a reference catalytic
material in photocatalytic processes for comparative purposes due to its
extended application in this field.

The above-mentioned treatment systems were also tested for the removal of
ECs in real wastewater samples collected from the secondary effluent of a
municipal wastewater treatment plant of Badajoz (Spain). In this case, an
estimation of the ECs depletion time as function of the reactor size and the
intensity of radiation is proposed, the effect of the initial H,O,/Fe(Ill) mass ratio
was evaluated and the toxicity of the treated samples was assessed using a
Daphnia Magna bioassay. Finally, an economic evaluation of operativity costs
at pilot scale was performed.

It was found that solar photolysis and photocatalytic oxidation using Fe(IIl) did
not lead to an important compound degradation, while TiO, photocatalysis,
photo-Fenton, as well as single, photolytic and photocatalytic ozonations were
able to remove the target compounds and reduce the organic carbon content to
some extent. The combination of photocatalytic oxidation, assisted by TiO,, or,
the Fenton reagent, and ozonation resulted to be the most efficient system for
the mineralization of the contaminants, leading to 80-93% TOC removal.
Results also demonstrate that in the ozone-based treatments the compounds
mineralization occurs in the slow kinetic regime. As a result, the indirect
oxidation pathway via hydroxyl radical is an important contribution to the
overall degradation process.
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A reduction in the efficiency of these processes was observed when the ECs
were present in wastewater treatment plant secondary effluents. In this case, it
was observed that iron—based systems at pH 3 were more effective than TiO,
mediated processes at pH 7. Toxicity of the samples to D. Magna increased at
the beginning of the oxidation treatment and was reduced at larger TOC
removal degrees. In the cases of photolytic ozonation, photo-Fenton and
photocatalytic ozonation (assisted by TiO,, Fe(Ill) and Fe(IlI)/H,0,) toxicity
was reduced below the initial value. Some solar photocatalytic ozonation
processes, such as Fe(III)/Os/light/pH 3 and Fe(I11)/H,0,/O5/light/pH 3 can be
cheaper than the solar photo-Fenton system to mineralize the treated samples.

= The second part of this work deals with the preparation, characterization and
use of magnetic catalysts consisting of TiO, nanoparticles supported on
activated carbon. The catalysts were synthesized using a commercial activated
carbon as support. This was first magnetized by thermal reduction of ferric
nitrate previously impregnated on the activated carbon. Then, anatase TiO,
particles were supported onto the activated magnetic carbon by a sol-gel
method. The catalyst photoactivity was evaluated in a laboratory-scale system
performing photocatalytic experiments under simulated solar radiation. For
these experiments, metoprolol was selected as target EC to be degraded.

Titanium dioxide and magnetic iron oxide contents in the catalyst were
identified as key variables to obtain a photo-efficient and easily recoverable
catalyst. In this sense, a catalyst optimization study was carried out.

Radiation wavelength seemed to play an important role in photolytic and
photocatalytic ozonation, so the effect of different wavelengths on the process
performance was investigated. Further experiments were carried out to evaluate
the catalyst stability and reusability throughout successive photocatalytic
ozonation runs.

Catalysts led to complete removal of metoprolol and mineralization degrees up
to 85% in solar photocatalytic ozonation experiments at laboratory scale. The
target compound, metoprolol, was mainly removed through direct ozone
reactions, independently of the catalyst composition. However, mineralization
rate depended on the anatase content of the catalyst. Stability and reusability of
the catalysts were demonstrated to be rather good throughout a series of
consecutive photocatalytic ozonation runs with no important alteration of the
catalysts properties.

= The third part of the Thesis is focused on the synthesis, characterization and
application of TiO, powder catalysts with improved properties. To this purpose,
boron was used as dopant. In this investigation diuron, o-phenylphenol acid, 2-
methyl-4-chlorophenoxy and terbuthylazine, which are pesticides of widespread
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use, were chosen as model compounds. Photoactivity of catalysts was assessed
by photocatalytic oxidation and photocatalytic ozonation experiments carried
out in a laboratory-scale solar simulator.

B-doped TiO; catalysts (having between 0.5-0.8 wt% of interstitial boron) were
more active than bare TiO; in the treatment of the target compounds. Stability
of the catalyst was also tested. It was found that the mineralization level was
maintained at about 75% after three consecutive runs of photocatalytic
ozonation.

Keywords

Activated carbon, Advanced Oxidation Processes, emerging contaminants,
pharmaceuticals, magnetic photocatalyst, pesticides, photo—Fenton, solar
photocatalytic ozonation, synthesis of catalysts, titania, water remediation.
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Resumen

La Tesis Doctoral que se presenta en esta memoria ha sido desarrollada en el grupo
de investigacion Trataguas, perteneciente al Departamento de Ingenieria Quimica
v Quimica Fisica de la Universidad de Extremadura. Este trabajo se enmarca
dentro de una serie de investigaciones acerca de la aplicacion de Procesos
Avanzados de Oxidaciéon para la eliminacion de contaminantes emergentes en
aguas que se han venido desarrollando en el grupo Trataguas durante los ultimos
afnos. Esta investigacion ha sido financiada principalmente por el Ministerio de
Economia y Competitividad (Espafia) a través de los proyectos del Programa
Nacional de Investigacion CTQ2009-13459-C05-05, titulado “Integracion de
procesos de fotocatalisis solar en la depuracion biologica de aguas residuales
para la eliminacion de contaminantes emergentes” y CTQ2012-35789-C02-01,
titulado “Preparacion de catalizadores y su aplicacion en la eliminacion de
contaminantes  refractarios de aguas residuales mediante ozonacion
fotocatalitica”. Adicionalmente se ha recibido financiacion del Fondo Europeo de
Desarrollo Regional (FEDER). Asimismo, una parte del trabajo se ha desarrollado
en el grupo de investigacion FEnvironmental Nanocatalysis & Photoreaction
Engineering del Chemical Engineering Department de la Loughborough University
(Reino Unido) gracias a una estancia breve de investigacion financiada por el
Ministerio de Economia y Competitividad de Espafia (Referencia de la ayuda:
EEBB-I-13-06251).

La relevancia del estudio desarrollado en esta Tesis radica en el planteamiento de
alternativas que resulten eficaces para solucionar la problematica que representa la
presencia de contaminantes prioritarios y emergentes en el agua. Este tipo de
contaminantes son, generalmente, persistentes ante los procesos bioldgicos y
fisico-quimicos que convencionalmente se emplean en las estaciones depuradoras
de aguas residuales, por lo que su presencia en aguas naturales es frecuente con el
potencial riesgo para el ecosistema acuatico. Su continua deteccion en cuerpos de
agua ha despertado en la comunidad cientifica un interés por desarrollar nuevas
tecnologias de purificacion que logren su depuracion con el fin de mejorar la
calidad de las aguas residuales antes de ser vertidas a cauces publicos o que se
permita su reutilizacion.
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Los contaminantes prioritarios del agua son sustancias quimicas que representan un
riesgo significativo para el medio acuatico o a través del mismo. La Union Europea
a través de la Directiva 2008/105/CE, relativa a las normas de calidad ambiental,
establece una lista de 33 sustancias quimicas o grupos de sustancias peligrosas
prioritarias que incluye metales, pesticidas, hidrocarburos poliaromaticos, entre
otros. En 2012, tras una revision de las disposiciones relacionadas con las
sustancias prioritarias, se han propuesto 15 sustancias nuevas como contaminantes
prioritarios, entre ellos algunos compuestos farmacéuticos como el 17 o—
etinilestradiol o diclofenaco. Por otro lado, los contaminantes emergentes (ECs) los
cuales son sustancias quimicas que recientemente se han detectado en cuerpos de
agua y que son potencialmente peligrosos para la salud publica y ambiental,
también serian incluidos en la lista de contaminantes prioritarios de comprobarse
sus efectos adversos. Dentro del grupo de ECs se incluyen productos de higiene
personal, farmacos, drogas, surfactantes, aditivos industriales, pesticidas, productos
de uso doméstico, entre otros.

Los farmacos, algunos aditivos industriales y los pesticidas han concentrado
especial atencion en la comunidad cientifica. En el caso de los farmacos debido a
que por su elevada demanda a nivel mundial son descargados al medio ambiente en
forma continua a través de los vertederos domésticos, hospitalarios e industriales.
Por su parte los productos de uso industrial y agricola contaminan grandes
cantidades de agua ya que éstos sectores consumen la mayor parte del agua dulce
disponible para las actividades humanas (19 y 70% respectivamente, segtin la Food
and Agriculture Organization de las Naciones Unidas, 2010).

En las ultimas décadas, se han investigado ¢ implementado procesos avanzados de
oxidaciéon (PAOs) como alternativa a los métodos convencionales, biologicos y
fisicoquimicos para la eliminacion de contaminantes prioritarios y emergentes.
Estos procesos se basan en la generacion de radicales libres, especialmente el
radical hidroxilo ('OH), que son especies transitorias de vida media muy corta y
con alto poder oxidante, de modo que resultan muy eficaces en la eliminacion y
mineralizacion de un gran numero de contaminantes.

Dado que una de las limitaciones para el empleo de PAOs a escala industrial son
sus altos costes de operacion, el uso de la luz solar como fuente de radiacion se
perfila como una alternativa eficaz puesto que se evitan costes de operacion
debidos a la adquisicion, mantenimiento, reemplazo y consumo de energia por
parte de lamparas UV.

En esta Tesis Doctoral se ha estudiado la eliminacion de varios compuestos
organicos que han sido seleccionados como modelo y que son representativos de
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varios tipos de contaminantes prioritarios y emergentes, que con frecuencia se
detectan en cuerpos de agua. Concretamente, los compuestos que se han utilizado
en esta investigacion son acetaminofeno (analgésico y antiinflamatorio), antipirina
(analgésico y antipirético), metoprolol (B-bloqueante), cafeina (estimulante),
testosterona (hormona esteroide), bisfenol A (aditivo plastificante de uso
industrial), diurén (herbicida), MCPA (herbicida), o-fenilfenol (bactericida y
fungicida) y terbutilazina (herbicida). Para su eliminacion se han empleado algunos
PAOs incluyendo procesos foto-Fenton, de oxidacion fotocatalitica y de ozonacion,
asi como algunas combinaciones de los anteriores. Como fuente de radiacion se ha
utilizado luz solar, natural y simulada. El proceso mas relevante de esta
investigacion por su caracter mas novedoso es la ozonacion solar fotocatalitica,
consistente en el uso simultdneo de ozono, radiacion solar y algun catalizador.

La investigacion se ha planificado para desarrollar tres bloques o areas principales
de trabajo:

= El primero se ha centrado principalmente en el estudio de sistemas homogéneos
de ozonacion fotocatalitica basados en el empleo de Fe(Ill), Fe(Ill)/H,O, (un
tipo de reactivo Fenton) para la degradacion de una mezcla de acetaminofeno,
antipirina, bisfenol A, cafeina, metoprolol y testosterona en agua ultrapura. Los
ensayos se realizaron en una planta piloto que aprovecha la luz solar como
fuente de energia. Se evalud la eficacia de cada sistema en la mineralizacion de
los contaminantes. Asimismo se cuantificoé el efecto sinérgico obtenido
mediante la aplicacion simultanea de ozonacion y fotocatalisis en términos de
mineralizacion, consumo de ozono y velocidades de reaccion. Adicionalmente,
se empleo el dioxido de titanio, TiO, P25, como catalizador de referencia, dada
su alta aplicacion en este tipo de procesos.

Los sistemas de tratamiento citados en el parrafo anterior también se aplicaron
para el tratamiento de muestras de agua residual real recolectadas del efluente
secundario de una estacion depuradora de aguas residuales de Badajoz
(Espafia). En este caso, ademas, se realizd una estimacion del tiempo de vida
media de los compuestos en funcion del tamaiio del reactor y de la intensidad de
radiacion UVA. Se evaluo el efecto de la relacion masica inicial de H,O,/Fe(I1I)
en el proceso de ozonacidn fotocatalitica, asi como la toxicidad de las muestras
tratadas empleando Daphnia Magna como indicador. Finalmente, se efectuo
una evaluacion economica de los costes de operacion requeridos a escala piloto
para eliminar y mineralizar los contaminantes

Mediante fotolisis solar y oxidacion fotocatalitica usando Fe(Ill) no se
consigui6 una degradacion significativa de los compuestos ni mineralizacién de
la mezcla en agua ultrapura. La aplicacion de procesos de fotocatalisis con
TiO,, foto-Fenton y de ozonacion sencilla, fotolitica y fotocatalitica permitieron
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la eliminacion completa de los contaminantes y grados de conversion de
carbono organico total entre 7 y 93% en agua ultrapura. La combinacién de la
oxidacion fotocatalitica, usando tanto TiO, como el reactivo Fenton, y
ozonacion condujo a porcentajes de mineralizacion del 80 y 93%,
respectivamente. En los sistemas basados en ozono, la mineralizaciéon de los
compuestos se produce en régimen cinético lento, por tanto la oxidacion
indirecta con los radicales hidroxilo es una contribuciéon importante en el
proceso.

Se observd una reduccién en la eficiencia de estos procesos cuando los
contaminantes estaban presentes en muestras de efluentes secundarios de una
planta de tratamiento de aguas residuales. En este caso, los sistemas basados en
hierro a pH 3 fueron mas eficaces que los procesos que emplean TiO, a pH 7.
La toxicidad de la muestras de reaccién aumentd durante los primeros minutos
pero disminuy6 cuando se alcanzaron mayores grados de mineralizacion. Para
los ensayos de ozonacion fotolitica, foto-Fenton y ozonacion fotocatalitica (con
TiO,, Fe(Ill) y Fe(Ill)/H,0,) la toxicidad al final del proceso fue inferior al
valor inicial. Los sistemas de ozonacion fotocatalitica basados en hierro a pH 3
como el Fe(Il1)/Os/luz y el Fe(I11)/H,0,/0;/1uz resultaron ser mas baratos que el
proceso foto-Fenton a escala piloto.

En el segundo bloque se sintetizaron, caracterizaron y utilizaron catalizadores
magnéticos de TiO, soportado sobre carbon activo. Los catalizadores se
sintetizaron empleando un carbon activo comercial como soporte, el cual se
magnetizdO mediante reduccion térmica de nitrato férrico previamente
impregnado sobre el carbon. Posteriormente, se soportaron particulas de TiO,
en fase anatasa siguiendo un método sol-gel. La fotoactividad de estos
catalizadores se evalu6 en un sistema a escala de laboratorio mediante
reacciones de ozonacion fotocatalitica con luz solar simulada. El compuesto
modelo empleado fue metoprolol.

Se optimizo el contenido de didxido de titanio y 6xido magnético de hierro en el
catalizador con el fin de obtener propiedades fotocataliticas y magnéticas
mejoradas en los catalizadores. Adicionalmente, se evalud el efecto del
catalizador con radiacion de diferentes longitudes de onda. Finalmente, se
estudio su estabilidad y reutilizacion mediante su empleo en ensayos sucesivos
de ozonacion fotocatalitica.

El uso de estos catalizadores en procesos de ozonacion fotocatalitica a escala de
laboratorio empleando luz solar artificial permitié la completa eliminacion de
metoprolol y porcentajes de mineralizacion hasta de 85%. Se observo que los
catalizadores son estables y pueden recuperarse magnéticamente para ser
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reutilizados, ya que no se presentd una variacion importante de las propiedades
de los mismos luego de 50 horas de uso.

= El tercer bloque se enfocd hacia la sintesis, caracterizacion y aplicacion de
catalizadores en polvo de TiO, con propiedades mejoradas, para lo cual se
empled boro como agente dopante. En este bloque se usaron como compuestos
modelo algunos pesticidas de uso difundido, tales son diurdn, o-fenilfenol,
acido 2-metil-4-clorofenoxiacético y terbutilazina. La fotoactividad de los
catalizadores se evalu6 mediante ensayos de fotocatalisis y ozonacion
fotocatalitica a escala de laboratorio en un simulador solar.

Los catalizadores de TiO, dopados con B (con un contenido final de boro
intersticial entre 0,5 y 0,8 % en peso) fueron mas activos que el TiO, no dopado
en el tratamiento de los compuestos seleccionados, mediante fotocatalisis y
ozonacion fotocatalitica solar. Luego de 3 ciclos consecutivos de uso en
reacciones de ozonacion fotocatalitica, los catalizadores conservan su
estabilidad y se pueden alcanzar porcentajes de mineralizacion de hasta 75%.

Palabras clave

Carbon activo, contaminantes emergentes, dioxido de titanio, farmacos,
fotocatalizador magnético, foto—Fenton, ozonacién fotocatalitica solar, pesticidas,
procesos avanzados de oxidacion, sintesis de catalizadores, tratamiento de aguas.
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Introduction and objectives

Chapter I

This chapter provides background information about the
environmental problem concerning the presence of emerging
contaminants in water. Also, some theory concepts about the
advanced oxidation processes used in this research to deal with this
kind of pollutants is given. The purpose of the study and research
objectives are also presented. Finally, a description of the
organization of the present Thesis is given.

Contents

1.1. Global water situation

1.2. Advanced oxidation processes

1.3. Model compounds used in this investigation
1.4. Objectives

1.5. Organization of the thesis

1.6. References






1.1. Global water situation

Water is a natural resource indispensable for the balance of the planet Earth.
Besides being used as a commodity and being the primary input for agricultural
and industrial production, it also fulfills an essential role as a prerequisite for all
human, animal and plant life [1]. Two thirds of the planet surface is covered by
water, however, despite this physical abundance, water is a limited resource and
the planet is facing an increasing water shortage problem. Only 2.5% of the water
in the planet is freshwater and just 0.4% of it is available and suitable for human
consumption. Moreover, the worldwide population is growing rapidly, which
increases dramatically the water demand and makes even more evident the
negative impacts due to an excessive and irrational use of this resource [2,3].

Over the course of the twentieth century, the global population tripled while water
use increased around six-fold [2]. Along with the growth in water demand over
time, an increase in wastewater production has been observed. It is estimated that
every day around two million tons of sewage and other effluents are globally
drained into the natural water systems. Those waste streams, which mostly come
from domestic, industrial and agricultural sectors, are the main sources of water
pollution since they contain a devastating large number of pollutants such as
pathogens, organic compounds, synthetic chemicals, nutrients and heavy metals.
All of these substances affect water quality making this resource unfit for any
purpose and jeopardizing the health and well-being of creatures that use those
waters [4].

According to the World Health Organization, globally, every year over 1 billion
people do not have access to safe drinking water and 1.7 million die because of
diseases related to the pollution of water [S]. Given the accelerated population
growth and the insufficient management strategies applied to deal with water
issues, it is estimated that, by year 2025, around 1 billion people will be living in
areas with moderate or severe water shortages. Even more, this figure could be
doubled by 2050 [6]. Likewise, it is expected that in the next 50 years some
ecosystems that depend on water for survival will be destroyed to supply water for
human activities [7].
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1.1.1. European Union legal framework

All the problems previously mentioned highlight the need for regulations that
control the use of water in order to have a better and more efficient availability of
this important resource. The European Union (EU) water framework directive
2000/60/CE, partially modified by directive 2008/105/CE, is a response to this
need. This directive states that water must be protected and defended, and suggests
the implementation of measures to reverse any significant and sustained upward

-
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trend in the concentration of any pollutant resulting from the impact of human
activity in order to progressively reduce pollution. Several substances or groups of
substances of priority concern due to their persistence, toxicity, accumulation and
widespread use and detection in waters, including metals, pesticides, phthalates,
polycyclic aromatic hydrocarbons, and endocrine disruptors have been identified as
priority or hazardous substances. Many of them are either regulated, and must be
removed to reach safe concentration values in order to preserve the quality and the
ecological status of water [8,9], or have been identified as possible priority
substances or hazardous substances and are under revision [10].

Particularly, annex II of directive 2008/105/CE [11] presents a list of 33 substances
(or groups of substances) which has been classified as priority and priority
hazardous substances (as shown in Table 1.1) and have to be monitored and
controlled in EU surface waters. This list includes metals, pesticides and
polyaromatic hydrocarbons among others.

Table 1.1. List of priority substances in the field of EU water policy (Directive

2008/105/CE)

Priority

Number ~ CAS number” EU number ®  Name of priority substance ®  hazardous
substance

1 15972-60-8 240-110-8 Alachlor

2 120-12-7 204-371-1 Anthracene X

3 1912-24-9 217-617-8 Atrazine

4 71-43-2 200-753-7 Benzene

not applicable not applicable ~ Brominated diphenylether X©

: 32534-81-9 not applicable ~ Pentabromodiphenylether

6 7440-43-9 231-152-8 Cadmium and its compounds X

7 85535-84-8 287-476-5 Chloroalkanes, Cyg.13 X

470-90-6 207-432-0 Chlorfenvinphos
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Table 1.1. (continued) List of priority substances in the field of EU water policy o
(Directive 2008/105/CE) =
o
Priority o}
Number  CAS number'”  EU number ®  Name of priority substance ®  hazardous =
substance
9 2921-88-2 220-864-4 Chlorpyrifos (Chlorpyrifos-
ethyl)
10 107-06-2 203-458-1 1,2-dichloroethane
11 75-09-2 200-838-9 Dichloromethane
Di(2-ethylhexyl)phthalate
12 117-81-7 204-211-0 (DEHP)
13 330-54-1 206-354-4 Diuron
14 115-29-7 204-079-4 Endosulfan X
15 206-44-0 205-912-4 Fluoranthene
16 118-74-1 204-273-9 Hexachlorobenzene
17 87-68-3 201-765-5 Hexachlorobutadiene
18 608-73-1 210-158-9 Hexachlorocyclohexane
19 34123-59-6 251-835-4 Isoproturon
20 7439-92-1 231-100-4 Lead and its compounds
21 7439-97-6 231-106-7 Mercury and its compounds X
22 91-20-3 202-049-5 Naphthalene
23 7440-02-0 231-111-14 Nickel and its compounds
4 25154-52-3 246-672-0 Nonylphenol X
104-40-5 203-199-4 (4-nonylphenol) X
1806-26-4 217-302-5 Octylphenol
25 . (4-(1,1',3,3"-
140-66-9 not applicable tetramethylbutyl)-phenol)
26 608-93-5 210-172-5 Pentachlorobenzene X
27 87-86-5 231-152-8 Pentachlorophenol
not applicable not applicable ~ Polyaromatic hydrocarbons X
50-32-8 200-028-5 (Benzo(a)pyrene) X
58 205-99-2 205-911-9 (Benzo(b)fluoranthene) X
191-24-2 205-883-8 (Benzo(g,h,i)perylene) X
207-08-9 205-916-6 (Benzo(k)fluoranthene) X
193-39-5 205-893-2 (Indeno(1,2,3-cd)pyrene) X
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Table 1.1. (continued) List of priority substances in the field of EU water policy

§ (Directive 2008/105/CE)
o
= Priority
O Number  CAS number”  EU number®  Name of priority substance ®  hazardous
substance
29 122-34-9 204-535-2 Simazine
30 not applicable not applicable  Tributyltin compounds X
36643-28-4 not applicable  (Tributyltin-cation) X
31 12002-48-1 234-413-4 Trichlorobenzenes
32 67-66-3 200-663-8 Trichloromethane (chloroform)
33 1582-09-8 216-428-8 Trifluralin

(" CAS: Chemical Abstracts Service.

@ EU number: European inventory of existing commercial substances (Einecs) or

European list of notified chemical substances (Elincs).

Where groups of substances have been selected, typical individual representatives are

listed as indicative parameters (in brackets and without number). For these groups of

substances, the indicative parameter must be defined through the analytical method.

These groups of substances normally include a considerable number of individual

compounds.

®" Only pentabromobiphenylether (CAS-number 32534-81-9).

© Fluoranthene is on the list as an indicator of other, more dangerous polyaromatic
hydrocarbons.

(©)

Q)

In annex III of directive 2008/105/CE a list of substances were identified as being
subject to review for possible identification as priority substances or priority
hazardous substances. Such substances are aminomethylphosphonic acid, bentazon,
bisphenol a, dicofol, EDTA, free cyanide, glyphosate, mecoprop (MCPP), musk
xylene, perfluorooctane sulphonic acid (PFOS), quinoxyfen (5,7-dichloro-4-(p-
fluorophenoxy)quinoline), dioxins and polychlorinated biphenyls (PCBs).

Then, in 2012, in an effort towards improving the quality of surface waters, 15 new
substances including industrial chemicals as well as substances used in biocides,
pharmaceuticals and plant protection products, were proposed as priority pollutants
[12]. The proposed priority substances are:

= Plant protection products: aclonifen, bifenox, cypermethrin, dicofol,
heptachlor and quinoxyfen.

= Substances used in biocidal products: cybutryne, dichlorvos and terbutryn.
= Industrial chemicals: PFOS and hexabromocyclododecane (HBCDD).
= Combustion by-products: dioxin and dioxin-like PCBs.

=  Pharmaceutical substances: 17 alpha-ethinylestradiol (EE2), 17 P—estradiol
(E2) and diclofenac.
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Pharmaceuticals were proposed for the first time in order to address the potential
harmful effects of their presence in the aquatic environment as they can affect fish
health, reducing successful reproduction, for example, and harming other living
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organisms.

1.1.2. Emerging contaminants

During the last decades, the development of advanced analytical techniques has
allowed the detection of new groups of compounds in natural water bodies and
wastewater treatment plant effluents. This has revealed the fact that many of the
substances discharged in water streams, or their metabolites, are refractory to the
conventional processes applied during the treatment of wastewaters. Many of these
substances, which are known as emerging contaminants (ECs), are identified as
being a potential environmental or public health risk, though adequate data do not
exist to determine definitely their risk. In general, they are characterized by their
continuous release into the water cycle, since they are consumed at large scale
worldwide, and by their high stability and solubility in water. Consequently, they
need special management strategies to be safely removed from water.

Figure 1.1 shows a scheme indicating the main sources of ECs incorporation into
the environment and the pathways to reach groundwater and surface waters. ECs
could be directly incorporated into water streams from leaking storage tanks and
sewers, discharge of WWTP effluents, landfill leachates and movement of
pollutants through soil to surface and groundwater. Additionally, treated effluents
from industrial plants and sewage works can be discharged into surface water.
Also, surface and ground water can interact through the hydrologic cycle [13].
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Figure 1.1. Emerging compounds in the environment (Adapted from [14])
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Of all ECs, agricultural, industrial and household products deserve especial attention.
Agriculture accounts for 70% of total withdrawals of freshwater consumed in the
world [15] and a large amount of agricultural nutrients and pesticides reach surface
and groundwater mainly by direct run-off, leaching, careless disposal of containers
and equipment washing [16]. Regarding industrial and domestic sectors, due to the
large worldwide consumption of products, an increasing release of chemical
additives, reagents and household products as pharmaceuticals and personal care
products to the environment through industrial, hospital and domestic drains has
been observed in the last decades [7, 17]. Table 1.2. shows a list of selected ECs.

-
(5]
=
o
©
=
O

According to that mentioned above, one would expect that ECs are candidates for
future regulation depending on the research results about their effects and
consequences on the environment and considering their occurrence in water

ecosystems.
Table 1.2. Classes of ECs [14,18]
Compound class Examples
Pharmaceuticals

Veterinary and human antibiotics ~ Trimethoprim, erythromycin, lincomycin,

sulfamethoxazole
Analgesics and anti-inflammatory ~ Codeine, ibuprofen, acetaminophen,
drugs acetylsalicylic acid, diclofenac, fenoprofen
Psychiatric drugs Diazepam
Lipid regulators Bezafibrate, clofibric acid, fenofibric acid
p-blockers Metoprolol, propranolol, timolol
X-ray contrast media Iopromide, iopamidol, diatrizoate
Steroids and hormones Estradiol, estrone, estriol, diethylstilbestrol,
(contraceptives) testosterone
Personal care products
Fragrances Nitro, polycyclic and macrocyclic musks
Sun-screen agents Benzophenone, methylbenzylidene camphor
Insect repellents N,N-diethyltoluamide

Antiseptics Triclosan, chlorophene
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Table 1.2. (continued) Classes of ECs 9
=
Compound class Examples §
Surfactants and surfactant Alkylphenol ethoxylates, alkylphenols
metabolites (nonylphenol and octylphenol), alkylphenol
carboxylates
Flame retardants Polybrominated diphenyl ethers (PBDEs),
tetrabromo bisphenol A, tris(2-chloroethyl)phosphate
Industrial additives and agents Chelating agents (EDTA), aromatic sulfonates
Gasoline additives Dialkyl ethers, methyl-t-butyl ether (MTBE)
Disinfection by-products Iodo-THMs, bromoacids, bromoacetonitriles,
bromoaldehydes, cyanoformaldehyde, bromate,
NDMA
Pesticides Mecoprop (MCPP), 2-methyl-4-chlorophenoxyacetic
acid (MCPA), 2,4-dichlorophenoxyacetic acid (2,4-
D), dichlorprop (2,4-DP), 24.5-

trichlorophenoxyacetic  acid  (24,5-T), 4-(24-
dichlorophenoxy)butyric acid (2,4-DB)

1.1.3. Priority and emerging contaminants in Spain

In Spain, it is in progress the Plan nacional de calidad de las aguas: Saneamineto y
depuracion (PNCA, 2007-2015), which is aimed to implement more efficient
sanitation and wastewater treatment systems [19]. Despite that, the processes
applied in most of the WWTPs are secondary treatments unable to eliminate
xenobiotic compounds. In fact, several investigations on the occurrence of ECs in
surface and ground waters of some areas of Spain have pointed out the presence of
ECs at significant concentration levels. The most detected priority and emerging
contaminants are pesticides, pharmaceutical active compounds and some personal
care products [20-25].

These investigations state that the most ubiquitously detected compounds are the
pesticides atrazine (and its transformation product desethylatrazine), simazine,
terbuthylazine, terbutryn, isoproturon, diuron, and alachlor; the pharmaceuticals
acetaminophen, diclofenac, codeine, naproxen, ibuprofen, ofloxacin, ciprofloxacin,
erythromycin, hydrochlorothiazide, atenolol, ranitidine, ketoprofen, naproxen,
carbamazepine, sulfamethoxazole, sulfapyridine, sulfaquinoxaline, furosemide,
caffeine, nicotine, atenolol; the musks galaxolide and tonalide; the UV filters
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benzophenone-3, 2-ethylhexyl-p-methoxy cinnamate and octocrylene; and the
antiseptics triclosan and chlorophene.
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Therefore, the application of tertiary treatments is recommended to reduce the
impact on natural waters due to the discharge of WWTP effluents and allow the
reuse of the latter for different purposes.

1.2. Advanced oxidation processes

As regulatory environmental requirements are becoming more stringent because of
increasing ecological risks associated with environmental pollution, various
treatment technologies are being studied and developed as alternatives to
efficiently degrade persistent contaminants. Advanced oxidation processes (AOPs)
are methods that can fulfil these requirements. These processes involve the
generation of powerful and relatively non—selective transient oxidizing species,
primarily the hydroxyl radical (OH), which have a high oxidation potentials as
shown in Table 1.3. [26,27]. The hydroxyl radical is effective to destroy organic
chemicals since it is a reactive electrophile which reacts rapidly and non-
selectively with almost all electron—rich organic compounds.

Table 1.3. Redox potentials of some oxidizing agents [28]

Electrochemical oxidation

Oxidizing agent potential (V, 25°C)
Fluorine (F) 2.87
Hydroxyl radical (OH) 2.86
Oxygen atom (O) 2.42
Ozone molecule (O3) 2.07
Hydrogen peroxide (H,0,) 1.78
Chlorine (Cl) 1.36
Chlorine dioxide (ClO,) 1.27
Permanganate (MnOy) 1.24
Oxygen molecule (O,) 1.23

The AOPs can be classified, according to the use of radiation, into photochemical
and non—photochemical processes. The radiation may arise from a natural source
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(solar light) or from an artificial source (UV-visible radiation lamps). Figure 1.2.
shows some AOPs according to this classification.
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According to Figure 1.2. most of the AOPs are processes carried out at near
ambient temperature and pressure. In general, they involve the combination of
oxidizing agents, such as H,O, or Os, catalysts, and/or radiation (e.g. ultraviolet,

visible) to generate hydroxyl radicals in sufficient concentration to effectively
achieve water purification [29].

Advantages of AOPs, compared to other processes, for removing organic
chemicals are that they do not transfer the contaminants to a separate phase and
usually do not produce a waste stream. They require less energy consumption than
other processes as incineration. Some AOPs might be capable of completely
mineralize the organic contaminants of effluents allowing the reuse of water.
Although complete mineralization is not usually practical as high doses of reagents
and/or radiation are required, it can be beneficial the transformation of refractory
pollutants into products treatable by cheaper methods such as biological oxidation.
Techniques as reverse osmosis and filtration transfer the contaminants to a
concentrate phase, which must be disposed of, and adsorption with activated
carbon transfers the contaminants to the surface of a solid, which may need to be
disposed of once it reaches exhaustion [30,31].

—.| Heterogeneous photocatalysis |

| photo-Fenton-like processes (Fe(Il or III),H,0,/UV
Photochemical | P P Ee( )H,0,/0V) ‘
processes _’
} —..| Photolytic ozonation (O5/UV) |
Advanced Oxidation —’l H,0,/Catalyst |
Processes
—-| Fenton-like processes (Fe(Il),H,0,)
J —.l Ozonation in alkaline medium (O5/-OH) I
Non-photochemical —-l Ozonation with hydrogen peroxide (05/H,0,) ‘
processes
—-{ Catalytic ozonation (Os/Catalyst) |
—»{ Electrochemical oxidation |

Figure 1.2. Classification of AOPs [28,31]
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In this work, solar heterogeneous photocatalysis using TiO,, photo-Fenton like
processes, catalytic ozonation, photolytic ozonation and photocatalytic ozonation
have been studied as AOPs for water treatment processes.
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1.2.1. Photocatalysis
A. Heterogeneous photocatalysis

In a heterogeneous photocatalytic processes, the chemical reactions are induced by
the photo-excitation of a solid semiconductor as a result of the absorption of
electromagnetic radiation possessing enough energy to excite valence band
electrons, promoting them to conduction band and generating valence band holes
[32].

Photo—oxidation takes place when the target molecule has an oxidation potential
less positive than that of the semiconductor valence band. Similarly, photo—
reduction occurs when the reduction potential of the molecule is less negative than
that of the conduction band, as illustrated in Figure 1.3.
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0O, (adsorplion)
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Energy

P

Valence band
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Figure 1.3. Schematic representation of the formation of the electron-hole pairs in a
semiconductor particle (Taken from [33]).

Degradation and mineralization of organic compounds using heterogeneous
photocatalysis can be described, as a whole, as follows [33]:

Pollutant + O, —Semendwcor/v_, 0y + H,0O + mineral acids (1.1)

The rate and efficiency of a photocatalytic reaction depend on factors that govern
the kinetics of photocatalysis such as initial concentration of reactant, radiation
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flux, mass of catalyst, pH, temperature, and type and concentration of oxydizing
species. Table 1.4. briefly summarizes the effect produced by each of these
parameters.
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Table 1.4. Parameters affecting heterogeneous photocatalytic processes
and their effects [33]

Parameter Principal effect

The initial rate of disappearance of the pollutant usually is
fitted to a Langmuir-Hinshelwood kinetic. Accordingly, the
reaction rate is proportional to the fraction of the surface
Reactants covered by the substrate, the reaction rate constant, the
concentrations concentration of species and the reactant adsorption constant.
The reaction can be more complex when there are
intermediates or other compounds which can compete with the
target reactant for adsorption sites.

The reaction rate generally increases with the catalyst
concentration until a limiting value, which depends on the
Mass of catalyst working conditions. When catalyst concentration is very high,
a photon scavenging effect is obtained since turbidity of the
suspension impedes penetration of light in the reactor.

pH may affect the surface properties of the catalyst and the

pH chemical form of the compound to be degraded. Accordingly,
pH may have effects on the degradation rate and the setting
characteristics.

Photocatalytic oxidation is usually performed at room
temperature, being the optimum range comprised between 20°
and 80°C. However, at very low temperatures (<0°C) the
apparent activation energy increases and the desorption of the

Temperature final product becomes the rate limiting step. On the other hand,
when temperature increases above 80°C and approaching to the
boiling point of water, the exothermic adsorption of reactants
becomes disfavoured and tends to become the rate limiting
step.

The rate of reaction is usually proportional to the radiant flux.
Radiant flux This confirms the photo-induced nature of the activation of the
catalytic process.

Oxygen may be involved in the formation oxidizing species
(superoxide, hydrogen peroxide, hydroxyl radicals) and prevent

Oxygen concentration  reduction reactions. Increasing the oxygen concentration in
aqueous solution is reported to slightly increase the reaction
rate.
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Among the known semiconductor photo—catalysts (ZnO, WOs;, CdS, ZnS, SrTiOs,
Sn0,), TiO; in its anatase phase, has deserved particular interest due to its high
oxidizing power, chemical stability and low cost [34]. Titanium dioxide (anatase)
has an energy band gap (E,) of 3.2 eV and can be activated by UV illumination
with a wavelength up to 387.5 nm [32]. This catalyst offers a great number of
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possibilities of application. Nanocrystalline TiO, immobilized on supporting
materials such as glass, sand, or zeolite can improve the separation efficiency. The
incorporation of magnetic components into TiO, nanoparticle-based catalysts may,
therefore, enhance the separation and recovery of nanosized TiO, [34].

Aeroxide ® TiO, P25 is a commercial titania catalyst that has been established as a
standard catalyst because of its relatively high level of activity in many
photocatalytic reaction systems [35]. It contains anatase and rutile phases in a mass
ratio of about 3:1, with a very low content of amorphous particles (around 1%)
[36]. It has a non-porous surface area with a BET surface of 55 + 15 m* g ' and
crystallite sizes of about 30 nm associated aggregates of about 0.1 um diameter of
[37].

Since, at the ground level, the solar radiation spectrum starts at 300 nm, only 4-5%
of the solar energy could be utilized in TiO, photocatalytic applications.
Compositional doping of TiO, has been the approach generally taken to widen the
optical response of TiO, to visible light wavelengths by narrowing the
semiconductor band gap [38]. Some other effects reached by doping titania are: i)
the formation of new phases dispersed into the semiconductor which trap the
photo-generated charge carriers and inhibits the recombination of generated
electron—hole pairs [39,40]; ii) the increasing in the surface area of the catalyst.
These effects can lead to an enhanced catalytic performance compared to that of
the pristine semiconductor [41,42].

B. Homogeneous photocatalysis

A typical application of homogeneous photocatalysis is the decomposition of H,O,
catalyzed by ferrous iron (Fe(Il)) or ferric iron (Fe(Ill)) under acidic conditions via
a free radical chain reaction which produces ‘OH. Such processes are known as
Fenton or Fenton-like systems [26].

The rate of removal of organic pollutants and the extent of mineralization that are
reached using the Fe(Il)/H,O, and Fe(Ill)/H,O, reagents can be considerably
improved by the application of near-UV radiation and visible light. This process is
called the photo-Fenton [26]. The enhancement is due to the photo-reduction of
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Fe(II) to Fe(Il) and the photolysis of H,0,, which leads to a higher production of

. . . (@)
hydroxyl radicals, as shown in Figure 1.4. 2
°
3
Photolysis of | | Photolysis of | |Direct photolysis | | Radical reaction | -
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Figure 1.4. Scheme of chemical reactions in the photo-Fenton reaction (A is the target
contaminant, while A® and A* are reaction intermediates). (Taken from [43])

A limitation of Fenton and photo-Fenton processes is the narrow range of pH this
processes can be applied. Thus pH must be kept below 3 to avoid the formation and
subsequent precipitation of iron oxyhydroxides species. Another drawback is the
need to recover iron ions from solution after the treatment. To overcome these
drawbacks, the immobilization of ion species on a solid matrix would enable its use
the application of the treatment process at higher pH and the easy recovery of the
catalyst [44].

C. Solar systems

The use of solar radiation as energy source in photocatalytic processes can be
economically advantageous as the use of artificial UV lamps might be reduced.
However, one of the disadvantages of solar photocatalytic processes is that
wavelengths below 290 nm cannot be exploited since radiation under 290 nm is not
expected to reach the Earth’s surface as it is mostly retained by gases in the
atmosphere [45].

As only nearly 4—6% of the total solar spectrum corresponds to UV region, which
is usually the most exploitable fraction for photocatalytic processes, it is necessary
to develop water detoxification processes that can use both direct and diffuse UV
radiation reaching the Earth’s surface. To this end, solar reactors with especial
designs have been developed to make an efficient use of incident photons. These
reactors must fulfill some characteristics as: 1) they must be made of transparent
materials to allow the photons to reach the water treated, ii) piping and valve
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system must resist the pressure of water which normally ranges between 2—7 bar,
1ii) reactor reflecting surfaces to effectively concentrate the radiation must be made
of low—cost, low—density, high-reflectivity materials, being usually aluminum the
best choice, and iv) the reactor geometry must favor the complete absorption of
incident photons in the system. Usually thermal isolation is not required as usually
photocatalytic treatments are carried out at ambient conditions,
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Non—concentrating solar collectors are the type of technology most used in solar
photocatalytic applications. These collectors are designed for working temperatures
lower than 150°C and can make use of both direct and diffuse radiation. Compound
parabolic collectors (CPC), which consist of static collectors with a reflection
surface following an involute around a cylindrical reactor tube, are widely used in
solar photochemical applications and they have been found to provide the best
optics for low concentration systems. Due to the reflector design, almost all the UV
radiation reaching the CPC aperture area is used for the photocatalytic process in
the reactor [46] as shown in Figure 1.4, which is a representation of the effect of
solar radiation reflection in a CPC glass with 0° and 35° as incident angles.

(A)

Figure 1.4. Representation of an 1-sun concentration factor CPC design and the effect of
solar radiation reflection on glass surface for 0 (A) and 35° (B) incident angles (Adapted
from [46])
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The CPC schematized in Figure 1.4. has a concentration factor (i.e. how much the
light reaching the reactor can be concentrated and used [47]) of 1 sun. For
heterogeneous processes, it is important to avoid any possible deposition of the
catalyst. Thus, the Reynolds number (Re) must always be above 4000 to ensure a
turbulent flow [46].
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A great number of publications on the application of solar photocatalytic processes
for the degradation of organic contaminants at laboratory scale [48 — 51], describe
the use of solar simulators, which are provided with mercury or xenon lamps and
filters. These small-scale systems allow the prediction of the effect of different
parameters of the system as well the feasibility, treatment time appropriate system
size as a previous stage for pilot or full-scale research and development.

1.2.2. Ozonation treatments

Ozone applications in the treatment of water and wastewater can be as disinfectant
or biocide, oxidant to remove organic pollutants and pre or post treatment agent to
aid in other unit operations as coagulation, flocculation, sedimentation, biological
oxidation and carbon adsorption [52]. This molecule is highly unstable and,
therefore, has to be produced on site prior to its use. It reacts selectively with
certain organic compounds (e.g., aromatics, alkenes and alkynes). Such reactivity
is attributed to its electronic configuration, which makes it an extremely reactive
compound. Table 1.5. shows some physicochemical properties of ozone:

Table 1.5. Physicochemical properties of ozone [52]

Property Value
Melting point -251°C
Boiling point -112°C
Critical pressure 54.62 atm
Critical temperature -12.1°C
Specific gravity (-183°C) 1.71 gem™
Heat of vaporization (—112°C) 2980 cal mol !
Heat of formation (1 atm, 25°C) 33880 cal mol

Free energy of formation (1 atm, 25°C) 38860 cal mol '
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However, as ozone has a selective nature, it has a limited capacity to achieve the
complete mineralization of organic matter because of the typical formation and
accumulation of intermediates recalcitrant to ozone attack, such as short-chain
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carboxylic acids or alcohols.

Ozone can also react indirectly with pollutants through secondary oxidants,
primarily the hydroxyl radical, generated by aqueous decomposition of ozone.
Such decomposition can be accelerated at high pH and by the presence of UV
radiation, hydrogen peroxide or catalysts [53].

A. Photolytic ozonation

Figure 1.5. shows the absorption spectrum of aqueous ozone in the UV range [53].
It can be observed a broad band centered at about 254 nm, with a maximum
absorption coefficient of 3314 L mol™' cm™' [54,55]. Thus, in the presence of UV
radiation ozone undergoes photolysis that results in the production of hydrogen
peroxide. Then, hydrogen peroxide, in turns, can undergo direct photolysis and/or
react with ozone itself. Both reactions result in the formation of hydroxyl radicals,
thus enhancing the oxidizing power of the system.
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Figure 1.5. Ozone spectrum in the UV region

There is general agreement on the reactions involved in the O;/UV oxidation
process [56]:
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0,—2- 0'(D) + 0, (1.2) o)
QD
0'(D) + H,0— > H,0, 13 B

Under these conditions the system has the chemical behaviour of both O;/H,0, and
H,0,/UV systems.

In systems using visible light also ozone photo-dissociation can take place as the
ozone molecule can weakly absorb radiation in the visible light region (Chappuis
band: 375-603 nm, and Wulf system > 700 nm [57]) leading to photo-dissociation
into O (3P) and O, [58].

B. Catalytic ozonation

Catalyst either dispersed in the aqueous phase or as solids, the latter suspended or
in a fixed bed, can be used to improve ozone decomposition leading to a series of
reactions that enhance organic compounds depletion.

Black carbon as well as activated carbon have been shown to promote ozone
transformation through surface reactions that propagate in the aqueous phase, thus
accelerating the ozone transformation into secondary oxidants [59]. Another
example of heterogeneous catalytic ozonation is the use of a semiconductor as
TiO,. In this case, ozone can be decomposed on Lewis sites of the TiO, surface
[60].

Regarding homogeneous catalytic ozonation, ozone decomposition can be carried
out by metal ions present in aqueous solution. As an example, Saudela and Brillas
reported a catalytic ozonation mechanism in the presence of Fe(Il) ions through the
formation of an iron complex which is subsequently oxidized by ozone to lead to
the formation of hydroxyl radicals [61]. Typical homogeneous catalysts for
aqueous ozone reactions are transition metals such as Fe(II), Mn(Il), Ni(Il) and
Ag(D) [62].

The reaction of ozone with hydrogen peroxide can also promote the formation of
hydroxyl radicals. H,O, reacts slowly with ozone but its conjugate base, HO,", is
very reactive towards ozone. Therefore, at neutral or alkaline conditions the rate of
ozone decomposition in aqueous solution containing hydrogen peroxide is
favoured [53].
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C. Photocatalytic ozonation

As a novel AOP, the simultaneous combination of ozone and a photocatalyst in the
presence of UV radiation, the so—called photocatalytic ozonation, has attracted high
interest recently [63].
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In addition to the classical decomposition of aqueous ozone and its photo—
dissociation, in photocatalytic ozonation systems assisted by titania (or any other
photoactive semiconductor), ozone can generate hydroxyl radicals through the
formation of the ozonide radical in the adsorption layer of a catalyst. This radical
rapidly reacts with the H' in solution to give HO'; and subsequently produces the
hydroxyl radical [62].

In the photo-Fenton system, both direct and indirect reactions of ozone can take
place by decomposition with Fe*" species and reaction with hydrogen peroxide

present in the medium.

Figure 1.6. depicts a scheme which shows the main pathways involved in
photocatalytic ozonation systems.

A +-OH + Fe™*

FeO*
uv
Fe Fe?*+ H,0, Indirect
uv oxidation
T Direct ’j
oxidation
10,

A 0,(D)+0’J KOS o

u HO,* A “OH, 4
e +h'
uv

Figure 1.5. Pathways of the photocatalytic ozonation assisted by photo-Fenton and
heterogeneous photocatalysis

The mechanisms of photocatalytic ozonation through Os/Fe(IlI)/H,O,/UV and
0;/TiOx/UV are discussed more extensively in Section 3.4. (Results and
discussion) of Chapter III.
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1.3. Model compounds used in this investigation

In this research, different emerging and priority pollutants have been selected as
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model compounds to study their removal in water by different treatments. These

compounds, which are representatives of various types of priority and emerging
contaminants, are acetaminophen, antipyrine, metoprolol, caffeine, testosterone,
bisphenol A, diuron, MCPA, o-phenylphenol and terbuthylazine. These compounds
have been subjected to some solar AOPs, including photo-assisted Fenton-like,
ozonation and photocatalytic oxidation processes, as well as several combinations
of them. Some of their physicochemical properties are summarized next.

1.3.1. Acetaminophen

Acetaminophen (ACE), also known as paracetamol or tylenol, is one of the most
sold over-the-counter analgesic, anti-inflammatory and antipyretic medication. It is
found in over 100 products either alone or in combination with other medications.
Liver toxicity is probably one of the commonest outcomes from acute ACE
overdose [64,65]. It is often detected in sewage treatment plant effluents, surface
water and drinking water [66]. ACE has been found to cause multiple endocrine
disturbances in the human adult testis, particularly in the interstitial compartment
[67]. Table 1.6. shows some of its main physicochemical properties.

Table 1.6. Physicochemical properties of acetaminophen [68]

Molecular formula | CgH¢NO, )
Chemical structure:
Molar mass 151.16 g mol ™'
Melting point 170°C 0] OH
ana -1 0, )J\
Water solubility 14 mg mL™ at 25°C CH3 N
Log Kow 0.46
Toxicity LCso (48 h, D. Magna): 20.1 mg L™

1.3.2. Antipyrine

Antipyrine (ANT), also known as phenazone, is an analgesic and antipyretic
largely consumed in many countries (e.g., ~0.35 g consumed/year-person in
Germany). ANT represents one of the most commonly identified pharmaceuticals
in the environment with a high environmental persistence. Long-term exposure to
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ANT can cause organ damages due to its toxicity toward mucosa and lungs. Its
removal within conventional wastewater treatment facilities is reported to be very
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poor [69,70]. Table 1.7. shows some physicochemical properties of antipyrine.

Table 1.7. Physicochemical properties of antipyrine [70,71]

Molecular formula C1H,N,O Chemical structure:
Molar mass 188.23 g mol ' o
Melting point 114°C | O
N
Water solubility 51.9 mg mL ™" at 25°C N/
H5;C \
Log Kow 0.38 CHs
Toxicity LCs (96 h, Fresh water fish): 500 mg L™

1.3.3. Bisphenol A

Bisphenol A (BIS) is a high production-volume chemical used as plasticizer in the
manufacturing of polycarbonate plastics as well as epoxy resins. The effects of BIS
at the tissue level include alterations in the histo-architecture of the mammary
gland, prostate, testis, ovaries, adipose tissue, and brain. It has been detected in
rivers, municipal sewage treatment plants effluents, tap water and bottled water
[72,73]. Exposure to this endocrine disruptor in humans is mainly through food
although other nonfood exposures such as residential water supply have been also
suggested [72]. BIS is rapidly metabolized by the body but not by the fetal
compartment where it can accumulate [ 74 ]. Table 1.8. shows some
physicochemical properties of bisphenol A.

Table 1.8. Physicochemical properties of bisphenol A [75-78]

Molecular formula | Cy5Hiq0, Chemical structure:
Molar mass 228.29 g mol ™’
. . H,;C CH;
Melting point 156°C
Water solubility 0.2 mg mL " at 25°C 0 0
Log Kow 32 HO OH
Toxicity LCso (48 h, D. Magna): 12.8 mg L™
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1.3.4. Caffeine

Caffeine (CAF) is probably the most widely used psychoactive drug [79]. The
occurrence of CAF has been documented in marine and estuarine systems, natural
waterways, surface water and WWTP effluents reflecting the fact that this
compound is not completely removed in many sewage treatment plants [80]. CAF
may cause subtle effects acting as a pseudo-persistent pollutant due to its
continuous release in the environment [81]. CAF-exposure during pregnancy has
been found to induce fetal skeletal growth retardation in rats [82,83].

Table 1.9. Physicochemical properties of caffeine [71,84]

Molecular formula | CgH,,N,4O, Chemical structure:

Molar mass 194.19 g mol ™ Q /CH3
. . HBC\ N

Melting point 237°C N | />

Water solubility 16 mg mL™" at 25°C O)\ N

N

|
Log Kow 0.07 CH;
LCs (24 h, D. Magna): 683.7 mg L™

Toxicity

1.3.5. Diuron

Diuron (DIU) is an herbicide derived from urea that is considered to be a priority
hazardous substance by the EU [85], as a consequence, its use will be progressively
suppressed within 20 years of delivery [86]. Due to its high persistence (one month
to one year), DIU can be found in many environments such as soil, sediments and
water. Toxic effects of DIU have been reported on freshwater invertebrates (e.g.
Lumbriculus variegatus, Hyalella azteca and Physa gyrina) affecting their growth
and survival [87].

Table 1.10. Physicochemical properties of diuron [86,88,89]

Molecular formula | CyH;,CLLN,O Chemical structure:

Molar mass 233.09 g mol ™

CHs
Melting point 159°C Cl H ,lj
“CH
Water solubility 0.042 mg mL™" at 20°C D/ T 8
o)
Log Kow 2.6 Cl

Toxicity LCs (48 h, D. Magna): 1.4 mg L™
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1.3.6. 4-chloro-2-methylphenoxyacetic acid (MCPA)

MCPA is a selective broadleaf weed-control herbicide and one of the pesticides
most frequently found in drinking water [90]. It has been reported to have
endocrine-disrupting activity in invertebrates [91]. Some of its physicochemical
properties are summarized in Table 1.11.

Table 1.11. Physicochemical properties of MCPA

Molecular formula | CyHyClOs Chemical structure:

Molar mass 200.60 g mol

Melting point 121°C e} \)J\
OH

Water solubility 293 mg mL™" at 20°C

Log Kow 1.42 Cl
Toxicity LCso (96h, Rainbow trout): 232 mg L'

1.3.7. Metoprolol

Metoprolol (MTP) is a cardioselective B1-adrenergic blocking agent used for acute
myocardial infarction [92]. MTP and atenolol together account for more than 80%
of total B-blockers consumption in Europe. Particularly, during the last years, MTP
usage increased by a factor of 4 [93]. This B-blocker, frequently detected in water
bodies [94,95], affects the reproduction and growth of some species (e.g. rainbow
trout) [96].

Table 1.12. Physicochemical properties of metoprolol [97]

Molecular .
formula CisHasNOs Chemical structure:
Molar mass 267g mol™

OH H
Melting point 120°C

O\)\/N CHs
1 L'at
Water solubility 22?Cmgm ‘ /\/O/ CHj3
H3CO

Log Kow 1.88
Toxicity LCso (48 h, D. Magna): 76.2 mg L™




Introduction and objectives

1.3.8. o-phenylphenol

Production of o-phenylphenol (OPP) and use in rubber chemicals, food packaging,
as an intermediate for dyes, and as a food preservative may result in its release to
the environment through various waste streams; its use as a pesticide and
household disinfectant and for sapstain control in freshly cut lumber is expected to
result in its direct release to the environment [98]. OPP is one of the substances
being under revision by EU since it was identified as a potential endocrine
disruptor. Then its use as a preservative is being subjected to evaluation [99].

Table 1.13. Physicochemical properties of o-phenylphenol

Molecular formula | C,,H,;,0

Chemical structure:
Molar mass 170.21g mol™ OH
Melting point 60°C
Water solubility 0.2 mgmL™" at 25°C O
Log Kow 3.09
Toxicity LCs (72 h, D. Magna): 0.71 mg L™

1.3.9. Terbuthylazine

Terbuthylazine (TBA) is a selective herbicide, widely used within the EU; however
its frequent detection in surface and ground water, together with its intrinsic
toxicological properties, may pose a risk for both human and environmental health

[100].

Table 1.14. Physicochemical properties of terbuthylazine

Molecular formula | CoH,4CIN; Chemical structure:

Molar mass 229.71g mol ™ )CI\

Melting point 179°C NT SN CHj

Water solubility 0.0085 mg mL™" at 25°C )l\ = /%CHe,
Hoe” N7 N7 N oh

Log Kow 3.40 H H 3

Toxicity LCs (48 h, D. Magna): 21.2 mg L™
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1.3.10. Testosterone

Testosterone (TST) is a representative androgenic hormone that can occur
artificially or naturally. Agricultural application of manure is an important source
of TST and other steroid hormones that are reported to have a strong sorption in the
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soil, from which they are thought to be transported to ground and surface waters
[101]. Some of its main physicochemical properties are shown in Table 1.15.

Table 1.15. Physicochemical properties of testosterone [102,103]

Molecular formula | CyHy50,

Mol 288,42 [ Chemical structure:
olar mass 42 gmo - OH

Melting point 155°C CHs

Water solubility 0.025 mg mL™" at 25°C

Log Kow 3.22

Toxicity LCso (96h, Neomysis integer): 5.6 mg L™

1.4. Objectives

Given the global concern owing to the presence of emerging contaminants in
aquatic ecosystems, the present study aims to contribute with new results and
discussions leading to the development of more efficient strategies for the
depletion of such contaminants in water. To this end, various AOPs were applied to
treat some contaminants frequently detected in water, which have been selected as
model compounds, namely acetaminophen, antipyrine, bisphenol A, caffeine,
diuron, metoprolol, MCPA, o-phenylphenol, terbuthylazine and testosterone. This
purpose is intended to be achieved by conducting the following specific research
objectives:

OBJECTIVE 1: Application of AOPs at pilot scale in a CPC reactor using
solar radiation for the degradation of a mixture of emerging compounds in
ultrapure water and municipal wastewater:
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Specific objectives of this piece of research are to:
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1.1 Conduct pilot experiments to degrade mixtures of emerging compounds
by the application of homogeneous photocatalytic systems based on
Fe(IIl) and Fe(1l1)/H,0O; in the presence of solar radiation.

1.2 Evaluate the application of ozonation and solar photolytic ozonation.

1.3 Evaluate the effect of the joint application of homogeneous

photocatalysis based on Fe(Ill) and ozonation.

1.4 Study the application of heterogeneous photocatalytic systems based on
the use of Aeroxide ® TiO, P25 as catalyst.

1.5 Evaluate the effect of the joint application of heterogeneous
photocatalysis based on TiO, and ozonation.

1.6 Determine the kinetic regime of ECs mineralization (i.e., TOC
removal).
1.7 Validate the results obtained in ultrapure water through the application

of the oxidation systems to treat real wastewater samples containing a
mixture of selected emerging contaminants.

OBJECTIVE 2: Improvement of heterogeneous photocatalytic processes
based on TiO, by the application of photocatalysts with improved adsorption
and separation properties.

Specific objectives of this piece of research are to:

2.1 Prepare photo—active magnetic catalysts based on titania particles on
activated carbon.

2.2 Characterize the synthesized catalysts and evaluate their applicability
for the degradation of emerging compounds in ultrapure water at
laboratory scale using simulated solar light in processes of
photocatalysis and photocatalytic ozonation.

23 Optimize the load of iron and titania on the catalysts.

2.4 Evaluate the effect of the wavelength of the radiation applied on the
photocatalysts performance.

2.5 Evaluate the stability and reusability of the photocatalysts through
successive photocatalytic ozonation runs.
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OBJECTIVE 3: Preparation of TiO, catalysts doped with B to improve the
performance of the catalyst:
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Specific objectives of this piece of research are to:

3.1 Prepare photoactive enhanced titania powder catalysts by doping TiO,
with boron and optimize the boron load in the catalysts.

3.2 Characterize the synthesized catalysts and evaluate their application for
the degradation of emerging compounds in ultrapure water at laboratory
scale using simulated solar light.

33 Evaluate the stability and reusability of the photocatalyst through
successive photocatalytic ozonation runs.

1.5. Organization of the Thesis

Results of this Thesis are presented as a collection of research articles, which either
have already been published or submitted for publication to scientific international
journals. In addition, Chapter | and Chapter Il are presented as an introduction to
the topic of the Thesis and as a detailed description of the experimental methods,
respectively.

Chapter | provides the background information about the research problem: the
presence of emerging contaminants in water and the use of advanced oxidation
processes to deal with this kind of pollutants. The general and specific objectives of
the Thesis are also presented.

In Chapter Il a description of the experimental procedures and analytical methods
followed throughout the research is presented.

Results of the studies conducted to achieve Objective 1 are presented in Chapter
111 and Chapter I1V. Chapter Il describes the application of ozonation,
photocatalytic oxidation processes based on conventional catalysts (TiO, and
Fenton like) and the joint application of both in the treatment of a mixture of six
emerging contaminants at pilot-scale using solar radiation as energy source in
ultrapure water. The target contaminants are acetaminophen, antipyrine, bisphenol
A, caffeine, metoprolol and testosterone. Chapter 1V reports on the use of the
above-mentioned treatment systems for the degradation of emerging contaminants
in a secondary effluent from a municipal wastewater treatment plant in the
depletion of such contaminants in a matrix of urban wastewater.
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Objective 2 is addressed in Chapter V and Chapter VI. Chapter V focuses on
the synthesis and characterization of a titania supported on magnetic activated
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carbon composite photocatalyst, which was satisfactorily used for the degradation

of metoprolol in water by ozonation, photocatalysis and photocatalytic ozonation
processes carried out at laboratory scale using artificial solar radiation. Then, some
attempts to enhance the magnetic separability and photoactivity of activated
carbon-titania photocatalysts were carried out as described in Chapter VI. The
catalyst reusability and activity under different radiation wavelengths were also
evaluated as reported in this chapter.

Chapter VII describes the preparation of a boron-doped titania catalyst according
to the Objective 3. This catalyst was characterized and used for the depletion of a
mixture of pesticides chosen as target contaminants, namely diuron, o-
phenylphenol, MCPA and terbuthylazine.

Main conclusions of the research are summarized in Chapter VI1II. Finally a list of

the journal publications and conference papers resulting from the whole work is
presented in an Annex chapter.
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Chapter II

This chapter describes the chemicals and materials used
throughout the research. Additionally, a description of the
analytical methods and procedures, experimental set-ups, and
characterization techniques used is provided.
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2.1. Chemicals

Compounds, commercial reagents and gases used throughout this research, as well
as their CAS code, purity and manufacturer, are indicated in Table 2.1.

Table 2.1. List of chemicals and materials

Reagent Chemical Formula CAS Purity Manufacturer
Pollutants
o-phenylphenol CiH,00 90-43-7 99% S.A.
Acetaminophen CgHoNO, 103-90-2 99% S.A.
Antipyrine C1H2N,O 60-80-0 99% S.A.
Bisphenol A Ci5sH60, 80-05-7 >99% S.A.
Caffeine CgH (N,0, 58-08-2 99% S.A.
Diuron CoH;(CL,N,O 330-54-1 >98% S.A.
MCPA CoHyCl0O; 94-74-6 >95% S.A.
Metoprolol tartrate C34Hs56N,015 56392-17-7 >99% S.A.
Terbuthylazine CoH 4CINs 5915-41-3 98.8% S.A.
Testosterone C19Hy50, 58-22-0 >99% S.A.
Materials for synthesis of catalysts
Activated carbon, 7440-44-0 S.A.
12-20 mesh
Reagents for analysis and reactants
1,10-phenanthroline C,HsN,-H,O 5144-89-8 99% S.A.
monohydrate
Acetic acid C,H,0, 64-19-7 100% M.K.
Acetonitrile C,H;N 75-05-8 99.99% F.C.
Ammonia solution NH,OH 7664-41-7 35% F.C.
Ammonium acetate C,H;0,N 631-61-8 >98% S.A.
Ammonium fluoride NH4F 12125-01-8 >98% S.A.
Azomethine-H C7H|;2NNaOgS,'xH,0  206752-32-1 ~95% S.A.
monosodium salt
Calcium chloride CaCl,2H,0 10035-04-8 294 mg L! M.B.
dihydrate solution
Boric acid H;BO; 10043-35-3 >99.5% F.C.
Catalase from 9001-05-2 3390 units S.A.
bovine liver mg ' solid
Cobalt(IT) chloride CoCly'6H,0 7791-13-1 >99% PR.

6-hydrate
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Table 2.1. (continued) List of chemicals and materials

Reagent Chemical Formula CAS Purity Manufacturer

Reagents for analysis and reactants

Ephippia of Daphnia M.B.
— Magna
. Ethanol C,HsO 64-17-5 99.5% PR.
‘% Ethylene glycol C,H0, 107-21-1 99.8% S.A.
6 Ethylenediamine CoH6N,05 60-00-4 99.995% S.A.
tetraacetic acid
Folin & Ciocalteu’s 2mol L S.A.
phenol reagent
Hydrochloric acid HCI 7647-01-0 37% F.C.
Hydrogen peroxide H,0, 7722-84-1 30% w/v M.K.
Indigo carmine C6sHgN,>Na,05S, 860-22-0 >98% S.A.
Iron(III) nitrate 9- FeN;04-9H,0 7782-61-8 98% P.R.
hydrate
Iron(III) perchlorate Cl3Fe04,xH,0 15201-61-3 S.A.
hydrate
Isopropanol C;HgO 67-63-0 >99% S.A.
L-ascorbic acid C¢HgOg 50-81-7 99% S.A.
LCK 414 L.G.
Magnesium sulfate MgSO, 7H,0 10034-99-8 12325 mg L' M.B.
heptahydrate solution
Nitric acid HNO; 7697-37-2 65% P.R.
Orthophosphoric H;PO, 7664-38-2 85.4% F.C.
acid
Oxalic acid dihydrate C,H,04-2H,0 607-006-00-8 >99.5% S.A.
p-chlorobenzoic acid C,H;ClO, 74-11-3 >98% M.K.
Potassium chloride KCl 7447-40-7 5.75 mg LT M.B.
solution
Potassium K,HPO, 7758-11-4 >98% S.A.
phosphate dibasic
Potassium phosphate KH,PO, 7778-77-0 >98% S.A.
monobasic
Sodium bicarbonate NaHCO; 144-55-8 99.7% P.R.
Sodium bicarbonate NaHCO; 144-55-8 67.75mg L™ M.B.
solution
Sodium carbonate Na,COs 497-19-8 >98% S.A.
Sodium (NaPO;), 68915-31-1 65-70% PR.
hexametaphosphate
Sodium hydroxide NaOH 1310-73-2 97% P.R.
Sodium thiosulfate Na,S,0gH ¢ 10102-17-7 >99% P.R.
5-hydrate
Spectroquant ® iron M.K.

test
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Table 2.1. (continued) List of chemicals and materials

Reagent Chemical Formula CAS Purity Manufacturer
Reagents for analysis and reactants
Spirulina powder 724424-92-4 M.B.
Thioglycolic acid C,H,0,S 68-11-1 >98% S.A. 9
Titanium(IV) Ci16H360,4Ti 5593-70-4 97% S.A. 2
butoxide D
Titanium dioxide, TiO, 13463-67-7 E.D. ;
Aeroxide P25
Titanium(I'V) O5STi-xH,SO, 123334-00-9 27-31%, S.A.
oxysulfate-sulfuric H,S0, basis
acid solution
Ultrapure water H,0 M.Q.
Compressed gasses
Helium He 7440-59-7 >99.999% AL
Nitrogen N, 7727-37-9 >99.999% AL.
Oxygen 0, 7782-44-7 >99.95% AL
Synthetic air 21% Oy, 79% A.L.

N (& 0.5%)

A.L.: Abell6 Linde, E.D.: Evonik Degussa, F.C.: Fisher Chemical, L.G.: Lange, M.B.:
MicroBioTests, M.K.: Merck, M.Q.: Milli-Q Millipore, P.R.: Panreac, S.A.: Sigma Aldrich.

2.2. Experimental set-ups

2.2.1. Laboratory-scale set-ups

A. Catalyst preparation

Precursor hydrolysis

—| Sol preparation

l

Gel formation

—>| Dispersion

|

Solvents extraction

|

Support preparation

1

Drying and calcination

:

Grinding and washing

Figure 2.1. Main steps of the sol-gel procedures followed for the catalysts preparation
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Figure 2.1. shows a simplified scheme indicating the main steps of the synthesis
procedures followed for the preparation of TiO, catalysts, both powdered and
supported on activated carbon.

Hydrolysis of titania precursor (described in Chapters V and VI) was carried out
under reflux in a single-neck round-bottom flask (Labbox) provided with a
vertical coil condenser (Pobel). The flask was placed inside a tap water bath heated
in a Selecta Agimatic-E (640 W, 2.8 A) hot plate—magnetic stirrer (see Figure 2.2.).
Hydrolysis at room temperature (described in Chapter VII) was performed in a
glass—made beaker with magnetic stirring.

—
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Water out <€——

Coil condenser ——>

Waterin —>

=
e 3
Round-bottom flask ~ =

Water bath ——

Figure 2.2. Reflux set—up for the hydrolysis of titania precursor

If needed, the dispersion of titania particles obtained after hydrolysis (sol) was
washed with water and/or ethanol in a beaker under magnetic stirring. After each
washing stage, the titania particles were separated by centrifugation in an Alresa
centrifuge (200 W, 50 Hz), filtrated by a Millipore vacuum pump (WP6 122050,
230V, 50 Hz) using Startorius Stedim cellulose nitrate filters (0.45 um).

Activated carbon magnetization (described in Chapters V and VI) was carried out
by incipient wetness impregnation adding dropwise an iron—containing solution to
carbon grains spread in a flat beaker or crystallizer (Labbox). Then a thermal
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treatment was carried out in a Hobersal vertical split tubular furnace (TR-23, 1500
W) in a nitrogen atmosphere (see Figure 2.3.)

Magnetized carbon nanotubes were dried in a Selecta Conterm convection oven
(2000201, 150 L, 2 kW), manually grinded with an agate morter and sieved in the
case of activated carbon and dispersed into the titania sols. This dispersion was
carried out in an Elmasonic S-60H ultrasound bath (37 Hz, 550 W, 5.75 L)
provided with temperature and time controllers.
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e Grid/sample holder

S=gsi=

N, inlet —T

Figure 2.3. Scheme of the split tubular furnace used in the thermal treatment of the
activated carbon support

To remove other solvents and volatile components from the catalysts, extraction
was carried out in a Biichi rotary evaporator (kRvr 65/45, 50 Hz) provided with an
OVAN thermostatic bath (100-12L, 1.2 kW, 50/60 Hz) and a DINKO vacuum
pump (D-95, 130 W). A Raypa electric furnace (HM-9MP, 3 kW, P.L.D. control,
thermocouple type K) was used for the calcination of the catalysts.

Final washing of magnetic carbon catalysts was performed by manual stirring of an
aqueous suspension of the catalysts.

For a more detailed description on the catalysts preparation and operation
conditions, please see Experimental Section of Chapters V, VI and V1I.
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B. Solar simulator for photoactivity tests

Figure 2.4. shows a picture of the experimental set-up used to study the
degradability of water contaminants by means of solar-driven processes (e.g.,

= photolysis, photocatalytic oxidation and photocatalytic ozonation) at laboratory
by
i scale.
o
I
&
]]EHP]JE E Solar simulator _l
=
Xe lamp
l Reactor !
Ozone Jl‘\ =
-
generator Rotameter
v \ t \ Stirring
o7 imrm o l plate
oI .| |
f 1 — Gas outlet
- 2 . Sample
' O | i T eollection
Oxygen e T
cylinder

Ozone analyzer 3-way valve

Figure 2.4. Laboratory-scale set-up for photoactivity tests

A Suntest CPS+ solar simulator (Atlas) was used to conduct the solar photoactivity
tests at laboratory scale. The solar simulator is provided with an air-cooled Xe
lamp equipped with quartz and glass filters so that the emission is restricted to
wavelengths over 300 nm. The output light intensity was set to 550 W m > (average
global solar radiation in a sunny day) and the temperature of the system was kept
between 25 and 40°C throughout the experiments.

If needed, a laboratory-scale ozone generator (COM-AD, Anseros) was used to
produce ozone from an oxygen stream. The oxygen-ozone mixture was fed to the
reactor at a constant flowrate as controlled by a rotameter (Gilmont Instruments)
and bubbled into the solution through a diffuser.

Two different reactors were used for the photoactivity tests, depending on the
volume of solution considered: a 1-litre glass-made cylindrical reactor (10.7 cm
internal diameter) and a 250-mL Pyrex-made 3-neck round-bottom flask (8.8 cm
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outer diameter). In any case the reactor was provided with three ports designed for
input and output of gas and aqueous sampling. The reactor was placed into the
solar simulator chamber and seated on a magnetic stirring plate. First, the reactor
was charged with the aqueous solution to be treated. Then, if used, the catalyst was
added and the flow of oxygen or oxygen/ozone was started. An ozone analyzer
(GM, Ozomat) was used to continuously monitor the ozone concentration in the
inlet and outlet gas streams. Aqueous samples were withdrawn at intervals and kept
for analysis. The duration of the experiments depended on the treatment goal (e.g.
removal or mineralization of the target compound).
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2.2.2. Pilot-scale solar plant

Experiments of treatability of a mixture of emerging contaminants of water were
carried out using a pilot-scale solar plant which comprises a compound parabolic
collector (CPC) used as solar photo-reactor (Ecosystem Environmental Services
SA) and an ozonation system. Experiments were run in Badajoz, Spain (38°52'43"
N, 6°58'15" W).

The photo-reactor is equipped with 4 borosilicate glass tubes (32 mm external
diameter, 1.4 mm thickness, 750 mm length), anodized aluminum reflectors tilted
45 degrees and two gas feeding points which consist of two borosilicate glass-made
porous plates situated at the entrance of two of the reactor tubes. The photo-reactor
total area is 0.25 m* and the exposed volume is 1.8 L. The reactor is also provided
with a polypropylene tank where the sample to be treated is loaded and from which
it is continuously recirculated to the tubes during the reaction time. The tank also
favors the gas-liquid separation. A broadband UV radiometer (290-370 nm, Acadus
85-PLS) tilted at the same inclination that the reactor was used to monitor the solar
UV light supplied to the system. Figure 2.5. shows a picture of the CPC photo-
reactor used in the pilot plant.

The ozonation system comprises an air compressor (Pintuc Extreme 3), an ozone
generator (OZVa 1200E, ProMinent), a gas flow controller (MC-10SLPM-D,
Alicat Scientific), two ozone analyzers (Anseros Ozomat, RTI-6000-GM and GM-
6000-PRO) and an ozone destructor (CAT-1500 72258, Anseros).
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Figure 2.5. CPC photo-reactor used in pilot scale experiments

A detailed scheme of the CPC photo-reactor and the whole pilot plant can be seen,
respectively, in Figure 3.1. (Chapter III) and Figure 4.2. (Chapter 1V).

2.3. Analytical methods

2.3.1. Concentration of pollutants in water

The quantitative analysis of water pollutants was carried out by high-performance
liquid chromatography (HPLC). For that purpose, two HPLC apparatus were used:

= An Elite LaChrom HPLC (Hitachi) equipped with a programmable high
pressure pump (L-2130), a degasser, an autosampler (L-2200), a diode array
detector (L-2450), a C-18 column (150 mm x 3 mm internal diameter, 5 um
particle size, Phenomenex) and EZChrom Elite Data System Software.

= An Agilent 1100 Series HPLC (Hewlett Packard) equipped with a vacuum
degasser (G1322A), an isocratic pump (G1310A), an autosampler (G1313A), a
variable wavelength detector (G1314A), a Kromasil C18 column (150 mm X 4
mm internal diameter, 5 pm particle size, Teknokroma) and ChemStation
Software.

In all cases, a binary mixture of acetonitrile (solvent A) and 0.1% (v/v) phosphoric
acid aqueous solution (solvent B) was used as mobile phase. Table 2.2 summarizes
the conditions of each method used to analyze the compound concentrations.
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Table 2.2. Conditions of the HPLC methods used

Retention time/ LODx10> HPLC

Method Conditi Analyt Detecti length =
etho onditions nalyte etec (1311: ryr?r‘g eng il W——
Isocratic elution at 1.0 mL
1 min"", 15% solvent A. ACE 2.9/244 0.6 A.G.
| e elufion at 0.65 CAF 5.5/275 0.1 9
socratic elution at 0.
2 mL min ', 15% solvent A. ANT 11.2/240 0.3 A.G. g'_
MTP 16.0/225 0.1 @
| tic elution at 1.0 mL. pCBA 3.5/250 0.3 -
socratic elution at 1.0 m
3 min ', 50% solvent A. BIS 3.9/220 0.4 A.G.
TST 4.6/250 1.2
Isocratic elution at 0.50
4 mL min ", 15% solvent A. MTP 4.1/225 7.1 E.L.
Gradient elution at 1.0 mL DIU 10.0/220 6.5
min!. Solvent A was
g lincarly varied 40-25% in MCPA 15.2/220 4.3 AG
12.5 min, then 25-40% in T
7.5 min and kept at 40% TBA 23.2/220 1.9
for 10 min. OPP 25.8/220 42

E.L.: Elite LaChrom, A.G.: Agilent, LOD: Detection limit [1].

2.3.2. Identification of degradation intermediates

The detection of metoprolol (MTP) degradation products was carried out using a
high performance liquid chromatography coupled with mass spectrometry
equipment. The chromatographic system was an Agilent 1260 series equipment
consisting of an infinity micro degasser, a binary pump, a HiP-ALS SL+
autosampler and a TCC SL thermostatted column compartment. The mass detector
was an Agilent 6520 Accurate—Mass Q-TOF-LC/MS operating in the 4 GHz high-
resolution mode, using an electrospray ion source Dual ESI. High purity nitrogen
was used as nebulizer gas (30 psi, 350°C and 10 L min ).

Electrospray conditions were as follows: positive mode; skimmer voltage, 65 V;
octapole RF, 750 V; fragmentor, 175 V. Mass acquisition range (m/z) and capillary
for MTP were 70-3200 and 3500 V, while for TBA 30-1000 and 2000V.

MTP intermediates were separated using a Zorbax SB-C18 column (3.5 pm, 150
mm long, 4.6 mm diameter) with a gradient elution at 0.2 mL min~' of a binary
mixture of acetonitrile and acidified water (25 mM formic acid) from 10 to 100%
of acetonitrile in 40 min with 15 min of equilibration.

Data were acquired and processed using Agilent Mass Hunter Workstation
Software (version B.03.01). Accurate mass measurements were carried out using
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double calibration introducing together with the chromatograph flow a standard
solution containing the internal reference compounds purine and HP-921
(hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine), m/z 121.0509 and 922.0098,
respectively.

2.3.3. Total organic and inorganic carbon (TOC, IC)

—
[<5]
z
o
(]
c
O

A TOC-Vgscy Shimadzu carbon analyzer was used for the determination of total
organic and inorganic carbon (TOC and IC, respectively). This instrument

measures the total carbon and total inorganic carbon in a liquid sample, and then,
the total organic carbon is computed as the difference between these two
measurements as described in ASTM standard D7573-09 [2].

Total carbon analysis is carried out by heating the sample up to 680°C in an
oxygen-rich atmosphere inside a combustion tube filled with a platinum catalyst
(Pt/Al,03). Then, the carbon dioxide generated by oxidation is cooled,
dehumidified, and analyzed using an infrared gas analyzer (NDIR). Finally, the
total carbon content in the sample is obtained through comparison with a
calibration curve. The inorganic carbon content is determined by acidifying the
sample with 25% H;PO, so that conditions in which the carbonate and bicarbonate
present in the sample are converted into CO,, which is sent to the NDIR detector
for the signal to be processed. According to the manufacturer, the detection limit is
50 pg L7

TOC measurement was used to compute the mineralization degree, i.e. TOC
removal percentage, according to equation (2.1)

TOC, ~TOC,

Mineralization degree, =
TOC,

100 2.1)

where TOC, and TOC; are the organic carbon content at the start of reaction and at
time t, respectively.

2.3.4. Dissolved ozone concentration

Ozone concentration in water was measured by the colorimetric method of Bader
and Hoigné [3]. In this method, aqueous ozone concentration is quantified by
allowing it to react stoichiometrically with a brightly-coloured dye (indigo
trisulfonate) which when oxidised by ozone leads to a colourless product. Then, as
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the dye has a strong light absorbance at 600 nm, the ozone concentration can be
computed from the difference in light absorbance between the oxidized sample and
a blank sample prepared under identical conditions but adding ultrapure water as
test sample. Typically, to determine the ozone concentration in a liquid sample, 2
mL indigo trisulfonate solution were mixed with 2 mL of the test sample. This
mixture was transferred to a 1-cm quartz cell and its absorbance at 600 nm was
measured.
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According to the Beer’s Law and in the absence of any other species that absorb
radiation under 600 nm, there is a linear relationship between the decrease in
absorbance of the solution and the ozone concentration in the sample, as indicated
in equation (2.2):

+V.

sample

AAGOOnm dee
Eqoonm DV,

sample

Co. =

3

2.2)

where Co; is the ozone concentration in the sample (in mol L’l), AAgoonm 1S the
difference in absorbance between the oxidized dye solution and a blank, ggyonm 18
the dye molar absorptivity at 600 nm (2x10* L mol' cm™), b is the cell path
length, Vg and Vgmpe are the volume of dye solution and added sample,
respectively. According to the authors, this method presents 2% precision and a
detection limit of 10”7 mol L' for absorbance measurements in 5 cm cell. In this
work, 1 cm cell was used so that detection limit was 5x10 mol L™".

The indigo trisulfonate solution was prepared by mixing 900 mL of a buffer
solution (containing 28 and 35 g L' of KH,PO4 and H;PO,, respectively) and 100
mL of dye stock solution (containing 0.6 and 2.3 g L™ indigo trisulfonate and
H;PO,, respectively). This mixture is stable for about 4 months when stored in the
dark between 2 and 8°C.

It was confirmed that hydrogen peroxide and Fe(Ill) do not interfere with the
method.

2.3.5. Gas-phase ozone concentration

Ozone in gas phase was monitored by means of ozone analyzers. The functional
principle is based on photometric determination of ozone according to its UV light
absorption at 253.7 nm. A fraction of the gas stream is irradiated by a low pressure
Hg lamp inside an optical absorption cell. Thus, the light attenuation of the
transmitted beam is used to determine the ozone concentration according to the
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Beer's Law. This equipment is designed to work at pressures up to 2 bars and has a
measuring range of 0-50 mg L™ O;.

2.3.6. Total dissolved iron concentration

Total iron concentration was determined by the ferrozine method [4] which is
based on the reduction of total Fe(Ill) to Fe(Il) and further formation of a purple
complex with the ferrozine reagent which can be analyzed by spectrophotometry at
565 nm. In this work, the Spectroquant ® iron test kit (Merck) was used to
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determining the total iron concentration in solution.

Typically, 5 mL of test sample were mixed with 3 drops of Spectroquant ®
reagent. Fifteen minutes after being prepared, the mixture was transferred to an 1
cm quartz cell and its absorbance at 565 nm was measured. Then, the Beer’s Law
was applied to determine the iron concentration in the sample according to
equation (2.3):

AA
Cp =—022 (23)
Es6sum D

where Cp. is the iron concentration in the sample (in mol L_l), AAsesam 1S the
difference in absorbance between the test sample and a blank (prepared using
ultrapure water as test sample), €s¢sum 1S the iron complex molar absorptivity at 565
nm (2.704x10% L mol™' cm™") and b is the cell path length.

2.3.7.Iron (II) concentration

Aqueous Fe(Il) was measured colorimetrically at 510 nm by complexation with
1,10—phenantroline in acidic medium [5]. The resulting reddish orange complex
absorbs light in the range 380-580 nm with a maximum at 510 nm. To carry out
this analysis, 1.5 mL glacial acetic acid (0.1 mol L"), 1 mL 1,10—phenanthroline
(0.2 wt%) and 5 mL of the test sample were mixed. This mixture was stirred and
then 1 mL NH,F (2 mol L") was added. After 20 min, the mixture was transferred
to an 1 cm quartz cell and its absorbance at 510 nm was measured. Finally, given
Beer's Law, in the absence of any species that absorbs radiation at 510 nm, the
concentration of Fe (II) in the sample was computed by equation (2.4):
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+V +V,

C _ AASIOnm Vacetic phenant. +Vsample NH,F (2 4)
Fe(ll) — .
e 510nm b V

sample

where Cgq is the iron concentration in the sample (in mol L’l), AA is the
difference in absorbance between the test sample and a blank (prepared using
ultrapure water as test sample), €s;onm 1S the complex molar absorptivity at 510 nm
(1.102x10* L mol™ cm™), b is the cell path length and Vcec, Viphenant> Vsample and
Vnnar are, respectively, the volume of acetic acid, 1,10-phenantroline, test sample
and NH,F added.
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2.3.8. Hydrogen peroxide concentration

Two methods for aqueous hydrogen peroxide quantification depending on the
expected concentrations were used.

For samples having hydrogen peroxide concentrations higher than 6.5x10> mol
L', the Eisenberg colorimetric method was used [6]. This method is based on the
formation of pertitanic acid by the reaction between hydrogen peroxide and a
titanium sulfonate reagent. The pertitanic acid, which is yellow in color, is stable
for at least 6 hours and can be colorimetrically measured at 405 nm. Thus, to
determine the hydrogen peroxide in a sample, 0.5 mL of commercial titanium(IV)
oxysulfate in sulfuric acid solution were mixed with 4.5 mL of the test sample.
Then, the mixture was allowed to stand for 5 minutes, transferred to an 1 cm quartz
cell and its absorbance at 405 nm was measured. Finally, the hydrogen peroxide
concentration was calculated using the equation (2.5):

_ AA Vreagent +Vsample

405nm
H,0,

Eqosom D V,

sample

(2.5)

where Cyyop is the hydrogen peroxide concentration (in mol L’l), AA4psnm 1S the
difference in absorbance between the test sample and a blank (prepared with
ultrapure water), €405, 1S the pertitanic acid molar absorptivity at 405 nm (720 L
mol ™ cmﬁl), b is the cell path length and Vieugent and Vmpie are respectively, the
volume of titanium(I'V) oxysulfate reagent and test sample added.

For samples with hydrogen peroxide concentrations below 6.5x10~ mol L™, the
colorimetric method proposed by Masschelein was used [7]. This method is based
on the stoichiometric oxidation of Co(Il) to Co(Ill) by hydrogen peroxide and the
subsequent formation of a cobalt (IlI)-bicarbonate complex having maximum
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absorbance at 260, 440 and 635 nm. Due to the Co(Ill)-bicarbonate complex high
molar absorptivity at 260 nm, hydrogen peroxide determination is usually carried
out at this wavelength. Typically, 0.5 mL Co(Il) chloride solution (16.1 g
CoCly'6H,0 L™), 0.5 mL sodium hexametaphosphate (10 g L), 1 mL of test
sample and 10 mL of saturated sodium bicarbonate solution were mixed. The
mixture was agitated and after 15 minutes its absorbance at 260 nm was
determined using an 1-cm path length-quartz cell. Since at 260 nm the organic
content present in the test sample can interfere in the analysis, it is also necessary
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to prepare a second mixture replacing the 0.5 mL cobalt (II) chloride 6-hydrate
solution by 0.5 mL ultrapure water. In the same way, two blanks using ultrapure
water as test sample were prepared. Thus, applying the Beer's Law, the

concentration of hydrogen peroxide in the sample can be determined using the
following expression:

_ A1AC0—260nm - AIAHZO—%Onm VCO/HZO +Vmetaphosp.+\/sample +Vbicarbon.
Chpo, = (2.6)
£ b

260nm

sample

where Cy,0p is the hydrogen peroxide concentration (in mol Lfl), AAco260nm 18 the
difference in absorbance between the test samples and blank prepared with cobalt
(IT) chloride, AAno0-260nm 1S the difference in absorbance between the test samples
and blank prepared without cobalt (II) chloride, &,50,m is the cobalt(Ill)-bicarbonate
complex molar absorptivity at 260 nm (2.665%10* L mol™' cm™), b is the cell path
length, Vcomaoyr is the volume cobalt (II) chloride solution (or ultrapure water),
Vmetaphosp.» Vsample aNd Viicarbon, are the added volume of sodium hexametaphosphate,
test sample and saturated sodium bicarbonate solutions, respectively.

The detection limit of the method is reported to be approximately 3x10~" mol L™".

2.3.9. Dissolved boron concentration

Boron in solution was photometrically determined at 410 nm by complexation with
azomethine-H [8]. Typically, 5 ml sample, 4 ml buffer-masking solution (which
was a mixture of 500 ml of a 0.5 wt% ammonium acetate solution, 125 mL glacial
acetic acid, 6.7 g ethylenediamine tetraacetic acid and 60 mL of a 80 wt%
thioglycolic acid solution) and 2 ml of azomethine-H solution (containing 9 and 2 g
L' azomethine-H monosodium salt and L-ascorbic acid, respectively) were mixed.
The mixture was allowed to stand in the dark for 1-2 h and transferred to an 1-cm
quartz cell. Then its absorbance at 410 nm was measured and the boron
concentration was obtained through comparison with a calibration curve. This
method follows the Beer’s Law up to 3 mg B L.
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2.3.10. Biological oxygen demand

The biological oxygen demand (BOD) was analyzed by measuring the oxygen
consumption by bacteria while oxidizing the sample in a 5-day test period [9],
using a ST-OxiTop ® device Activated sludge from a municipal wastewater
treatment plant (Badajoz, Spain) was used as inoculum. An electronic pressure
sensor is used to monitor the air pressure in an airtight bottle containing the sample
and continually stirred during a 5-day incubation period. As the microorganisms
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consume organic matter present in the water, the air pressure inside the container is

reduced since the bacteria use oxygen and release carbon dioxide. The CO, is
subsequently absorbed by sodium hydroxide pellets placed in a cup of a septum
sealed nozzle of the container. This causes a pressure drop inside the container.

To carry out this analysis, 432 mL of previously conditioned sample (pH adjusted
to 6.5-7.5, filtered to remove catalyst particles if used, and mixed with 1% v/v of
catalase solution (containing 0.01 wt% catalase from bovine liver) to quench
hydrogen peroxide if used) was introduced together with 1 mL of activated sludge
into an Oxitop ® container provided with a pressure sensor and a septum sealed
nozzle to introduce 3-4 NaOH pellets. Thereafter, the container was sealed, placed
for five days into a temperature controlled incubator at 20°C and magnetically
stirred. After the incubation period, the pressure sensor was used to convert the
saved pressure drop data into mg L™ of oxygen.

2.3.11. Chemical oxygen demand

The analysis of the chemical oxygen demand (COD) was carried out by the closed
reflux-colorimetric method [10]. In this procedure the sample is oxidized with
potassium dichromate in sulfuric acid. The reaction is carried out at 148 °C using
silver sulfate as a catalyst. The interference due to the possible presence of chloride
ions is avoided by adding mercury sulfate to the reaction medium, which
precipitates as mercuric chloride, HgCl,. The reduction of Cr(VI) to Cr(IIl) is then
photometrically evaluated by the reduction in the yellow coloration of the mixture.

COD analysis was carried out using commercial LCK 414 kits (Lange) which are
valid for a COD determination in the range 5-60 mg L™ O,. To carry out this test 2
mL of sample were added to a kit cuvette (containing a mixture of potassium
dichromate, sulfuric acid, silver sulfate and mercury sulfate). Then the cuvette was
introduced in a Lange thermoreactor (LT200), preheated up to 148°C and then kept
at this temperature for 2 hours. After this time the cuvette was allowed to reach
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room temperature and the COD value was analyzed using a Lange DR2800
spectrophotometer which directly provides the COD value.

2.3.12. Acute toxicity

Acute toxicity Daphnia tests were conducted following the commercial test kit
DAPHTOXKIT F™ (MicroBioTests) using the water flea D. Magna. These tests
were performed in accordance with testing conditions prescribed by OECD
Guideline for Daphnia sp. acute immobilisation test [11]. Prior toxicity tests, the
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water sample was prepared by adjusting its pH to 6.5-7.5, filtration to remove
catalyst particles, and mixing with 1% v/v of catalase solution (containing 0.01
wt% catalase from bovine liver).

Ephippia were incubated into a petri dish with a pre-aerated freshwater medium
(prepared with standard solutions of NaHCO;, CaCl,-2H,0, MgSO47H,0 and KCl
provived by MicroBioTests) for 72 h at 20°C under continuous illumination of
6000 lux of light intensity at the top of the petri dish. After this hatching period and
2 h prior to being collected for the test, the neonates were fed with Spirulina
microalgae suspension (MicroBioTests). Then, 20 actively swimming neonates
were selected to be used in the analysis. The water sample to be assayed was
divided into four replicates of 10 mL placed in a multiwall plate. Five neonates
were added to each replicate. Immobility was observed after 48 h at 20°C in the
dark. Immobilisation of the animals leads to their death because of inherent
impossibility of capturing food. Potassium dichromate was the reference chemical
used.

2.3.13. Turbidity

Turbidity of water was measured by the nephelometric method [12] using a HI
93414 turbidimeter (Hanna) with a measuring range from 0 to 1000 NTU
(Nephelometric Turbidity Units). The HI 93414 turbidimeter includes a tungsten
filament lamp to irradiate a water sample contained in a glass-made cuvette, and
two photodetectors located at 90 and 180 degrees to the incident light path to
measure respectively, the scattered and transmitted light. Then the microprocessor
of the instrument calculates from the signals that reach the two detectors, the NTU
value, using an effective algorithm.

To carry out the analysis the instrument was previously calibrated using standard
suspensions supplied by Hanna Instruments.
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2.3.14. Conductivity

Conductivity of the samples was measured by potentiometry [13] with a Crison
524 conductimeter. This device is a microprocessor based instrument which
directly displays the sample conductivity on screen. This instrument is calibrated
with standard suspensions of 1413 and 12.88 pS cm™' (25°C) supplied by Crison.
Measurement accuracy was 3%.
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2.3.15. Phenolic nature intermediates

Total phenolic content in the solution was determined by the method proposed by
Singleton and Rossi [14], consisting in the oxidation of phenolic compounds by the
Folin-Ciocalteu reagent, which is a mixture of phosphotungstic (H;PW1,049) and
phosphomolybdic acid (H;PMo0;,04). This reaction leads to the formation of
mixture of tungsten (WgO,3) and molybdenum oxides (MogO,3) whose absorbance
at 740 nm is proportional to the phenolic content in the sample. If present, Fe(II)
ions can interfere with this analysis since it is oxidized to Fe (III) by the Folin-
Ciocalteu reagent, therefore this interference is taken into account in the expression
used to determine phenolic content.

Typically, 4 mL of test sample were mixed with 0.4 mL water and 0.4 mL Folin-
Ciocalteu reagent, led to stand for 6 min, mixed with 3.2 mL Na,COj; solution (20
wt%) and after 30 min transferred to an 1-cm quartz cell to measure its absorbance
at 740 nm. Simultaneously, Fe(II) concentration in the test sample was measured as
indicated in item 2.3.7. Then, the equation (2.7) was applied to determine the
phenolic compounds concentration in terms of bisphenol A equivalents (i.e.
expressed as if all phenols were derived from bisphenol A since it is the compound
having the mayor signal among the compounds used in this work).

C _ A1A‘740nm - gFe(ll)/740nm CFe(ll) b VHZO +VFolin +\/sample +VNa2CO3

Phenolyc —
g740nm b \]sample

2.7)

where Cphenolye 15 the phenolic compounds concentration (in mol BIS L’l), AA7400m
is the difference in absorbance between the test sample and a blank (prepared with
ultrapure water), €740um 1S the molar absorptivity at 740 nm of phenolic compounds
in terms of BIS (15200 L mol ! cm™ [15]), €reqry740nm 18 the molar absorptivity at
740 nm of species formed from Fe(Il) in the solution (1983 L mol™' ecm™ [15]),
Crean is the Fe(Il) concentration (in mol L’l), b is the cell path length and Vyo,
Veolins Vsample ad Vnaacos are respectively, the volume of water, Folin reagent, test
sample and sodium carbonate added.
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2.3.16. Ions (phosphate, nitrate, sulfate and chloride) concentration

A 881 compact IC Pro ion chromatography apparatus (Metrohm) equipped with a
Metrosep A Supp 7 anion column (150 x 4 mm diameter, 5 um particle size)
thermostated at 45°C and a Metrohm conductivity detector was used to measure
the anion content of water samples. A mixture of Na,CO; solution and ultrapure
water was eluted at 0.7 mL min ' for 50 min varying the Na,CO; concentration
from 0.6 to 14.6 mM. Chemical suppression was carried out using 250 mM H,SO,
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solution. Quantification was performed, prior calibration with standards, using
MagIC Net 2.4 S.

The retention times for fluoride, chloride, nitrate, phosphate, and sulfate species
were, 6.95, 12.81, 25.23, 35.16, and 36.36 min, respectively.

2.3.17. pH and temperature

pH measurement was performed by potentiometry using a GLP 21+ pH meter and
a 5331 model electrode (equipped in the CPC photo-reactor), both provided by
Crison and with a pH measuring range between 0 and 14. The electrodes were
daily calibrated with buffer solutions of pH 4.01, 7.00 and 9.21 (Crison). These pH
electrodes comprise integrated temperature sensors.

2.4. Catalyst characterization

2.4.1. X-ray diffraction (XRD)

In this work, the XRD technique was used to determine the crystalline phases
present in the catalysts prepared. The X-ray diffraction patterns obtained from the
catalysts were also used to determine the crystalline sizes of the phases found in
them.

This analysis was carried out using a Bruker D8 Advance XRD diffractometer with
a Cu Ka radiation (4 = 0.1541 nm) and a linear VANTEC detector. The data were
collected from 26 = 20° to 70° at a scan rate of 0.02 s ' and 1 s per point.

To carry out this analysis a solid catalyst sample, previously pulverized into fine
powder and homogenized in an agate mortar, was compressed into a pellet using a
manual hydraulic press and subjected to XRD analysis. During this analysis, the
detector which is scanned around the sample along a detection circle, records the
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angles at which the sample lattice planes families diffract the X-ray beams and the
intensities of those diffractions. In this way, a characteristic two-dimensional
pattern (diffraction intensity vs. angular position) is obtained and used as a
fingerprint to determine the crystalline phases present in the sample by comparing
the experimental pattern with those recorded in the database of the ICDD
(International Centre for Diffraction Data) [16, 17].

The Scherrer’s equation (2.8) was used to calculate the mean size of the most
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important single crystal nanoparticles found in the samples [18].

_ K&
B cosO

d (2.8)

In equation (2.8) d is the crystallite size, K is a numerical factor frequently referred
to as the crystallite-shape factor, A is the wavelength of the X-rays, B is the width
(full-width at half-maximum) of the X-ray diffraction peak in radians and 0 is the
Bragg angle. In the absence of detailed shape information, K = 0.9 is a good
approximation [19].

In this work, the crystallite size for titania was calculated from the peak whose
Miller indices are (1 0 1) while for magnetite or maghemite it was calculated from
the peak with Miller indices (3 1 1) using the Scherrer’s equation.

2.4.2. X-ray photoelectron spectroscopy (XPS)

The surface chemical composition of the catalysts was evaluated by XPS. This
analysis was carried out with a Ka Thermo Scientific apparatus equipped with an
Al Ko (hv = 1486.68 eV) X-ray source, using a voltage of 12 kV under vacuum
(2x1077 mbar). Binding energies were calibrated relative to the Cls peak from
carbon samples at 284.6 eV.

The samples (which were prepared in similar way as indicated for XRD analysis)
were irradiated with energetic X-rays causing the emission of photoelectrons from
the samples surfaces. The photoelectron kinetic energy (Ex), which is measured
during the analysis by an electron energy detector, is given by the Einstein’s
photoelectric law (equation (2.9) [20]):

E, =hv+E, (2.9)
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where hv is the energy of the incident radiation and E, the binding energy of the
electron in a particular level. If the incident photon is sufficiently energetic, many
different levels in the sample may be ionized and thus a spectrum is produced [21].

The resulting XPS peaks were curve-fitted to a combination of Gaussian and
Lorentzian functions using XPSPEAK Software with a Shirley type background for
peak analysis. From the binding energy and intensity of a photoelectron peak, the
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elemental identity, chemical state and quantity of each element were determined.

Atomic ratio calculation was carried out from the peak areas and using Wagner
atomic sensitivity factors [22] by the formula (2.10):

nx — AP-X/SX
n AP_y/Sy

y

(2.10)

where nyn, is the atomic ratio between elements x and y on the catalyst surface, Ap
the peak area of each element and S the relative sensitivity factor based on
empirical data.

2.4.3. Nitrogen adsorption-desorption isotherms

Catalyst textural parameters determined from nitrogen adsorption-desorption
isotherms obtained using an Autosorb 1 apparatus (Quantachrome) at —196°C.

Prior to analysis, the samples were outgassed at 250°C for 12 h under high vacuum
(<107* Pa). Adsorption isotherms were obtained measuring the amount of nitrogen
adsorbed onto the catalysts while the system relative pressure, P/P,, was increased.
And desorption isotherms were obtained from the amount of nitrogen removed
from the catalysts as relative pressure was reduced. The recorded data during the
experiment was processed with AS1Win™ 2.01 Software to determine the BET
and surface areas and, the micropore volume.

BET area was determined by software using the method developed by Brunauer,
Emmett and Teller [23] which is based on equation (2.11):

! _ +C_1 P (2.11)
V(p,/P-1) V.C V,C\P '
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where V is the volume of gas adsorbed at a given relative pressure, P/Py, V,, the
volume of gas required to form a complete unimolecular adsorbed layer and C a
constant which is related to the heat of adsorption. A plot of 1/[V(Py/P-1)] against
P/P, should give a straight line whose intercept and slope are 1/V,,C and (C-1)/V,,C,
respectively. Thus from the slope and intercept V., and C can be calculated [23].
When nitrogen is used the BET area, Sggr, is calculated from V,, by the expression
(2.12) [24]:
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S =437V, (2.12)

where SggT 1S In m> g*1 and V., in mL gfl. Accordingly, in this work the isotherm
experimental data corresponding to relative pressures approximately between 0.03
and 0.15, was used for the Sggr computation.

The external area, Sgxr, was determined by the t method using the adsorption
branch of the experimental isotherms. For this, a plot of the volume of gas
adsorbed against a standard non-porous solid multilayer thickness, t, calculated by
the Halsey’s equation (2.12) [25] at every P/P, value was prepared:

— n )
t= m(—ln(P/PO)] (2.13)

In equation (2.13) t is the adsorbate multilayer thickness (in A), m the adsorbate
monolayer thickness, n the Halsey equation numerator, and x the Halsey exponent.
For nitrogen adsorption at —196°C, the parameters m, n and x can be assumed as
3.54 A, -5 and 1/3, respectively. The slope of the linear portion of V vs. t curve
was used to compute Sgxr according to equation (2.14) [24]:

V= ISSE—ZT7‘[ (2.14)

where V, t and Sgxr are in cm® g ', A and m? g ', respectively. Then the micropore

surface, S can be calculated by equation (2.15):

MICRO?

SMICRO = SBET - SEXT (2.15)

Finally, the volume of micropores was determined calculating the intercept, i, of
the V vs. t plot by extrapolating the linear portion with of the curve and then
applying the expression (2.16):
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Vuicro = 1 X 0.001547 (2.16)

. . . —1
where Vuicro and 1 are in are in cm’ g .

Nitrogen adsorption-desorption isotherms of the catalysts additionally allowed the
classification of the type of solid (micro, meso and macroporous) according to the
IUPAC’s standards [23].
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2.4.4. Inductively coupled plasma

Inductively coupled plasma (ICP) was used to measure the Fe, Ti and B content in
the catalysts. Additionally, this technique was used to monitor any leaching of Fe
and Ti from the catalysts.

Throughout the research two ICP equipment were used. An ICP coupled with mass
spectrometry (ICP-MS) NexION 300D (Perkin-Elmer) was used to analyze the iron
content of the catalysts and, as well, to measure iron and titanium in solution. An
ICP coupled with an optical emission spectrometry (ICP-OES) Optima 3300DV
(Perkin-Elmer) was used to measure the B content in bulk catalysts.

Liquid samples were analyzed without additional preparation, while solid samples
were previously digested in acidic medium assisted by microwaves. During
analysis the samples were injected into Ar gas plasma and excited by a strong
magnetic field. In the case of ICP-OES analysis, the excited elements and ions
present in the samples emitted photons at a characteristic wavelength while
returning to ground state. The total number of photons is directly proportional to
the concentration of the originating element in the sample [26]. Therefore, the
wavelengths of the photons were used to identify the elements present in the
samples and their concentration. In ICP-MS analysis the plasma is used to generate
positively charged ions which are directed to a mass spectrometer where they are
distinguished by their mass-to-charge ratio [27].

2.4.5. SQUID Magnetometry

Magnetic properties of the catalysts were measured in a Quantum Design MPMS
XL-7 Superconducting Quantum Interference Device (SQUID).

In this analysis, the sample is slowly moved through a superconducting pick-up
loop. The magnetic moment of the sample induces a magnetic flux change in the
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pick-up coils. This change in magnetization generates a current in the pick-up
loop around the sample. The SQUID output voltage is then recorded as a function
of the sample position and is used to calculate the actual magnetic moment of the
sample. The SQUID is computer controlled and for this work, the magnetization
measurements were performed at room temperature as a function of applied
magnetic field (M versus H).

The maximum possible magnetization or saturation magnetization, which
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represents the maximum induced magnetic moment that can be obtained in the
sample was determined from the magnetization curve (M-H) as the asymptotical
maximum value of M as H field increases [28,29].

2.4.6. Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis)

The band gap in doped semiconductors was calculated via diffuse reflectance UV-
Vis spectroscopy (DR-UV-Vis) using an UV-Vis-NIR Cary 5000 spectrophotometer
(Varian-Agilent Technologies) equipped with an integrating sphere device.

UV-Visible spectra of the samples in the range 200-900 nm were recorded. This
information was used to compute the semiconductor band gap applying the
expression proposed by Tauc (2.17) [30]:

(ahv)" = C(hv-E,) 2.17)

where o is an absorption coefficient (dimensionless), h the Planck’s constant
(4.135%107" eV s), v the frequency of incident photons (in s™'), E, the band gap (in
eV), C a proportional constant (band tailing parameter), n is an index which can
have different values as 1/2, 1/3, 2 and 3, such as direct allowed, direct forbidden,
indirect allowed and indirect forbidden transitions, respectively.

Accordingly, for semiconductors like TiO,, indirect and direct band-to-band allowed
transitions are possible [31], which can be verified graphically by plotting (chv)"™

vs. hv [32]. The absorption coefficient is calculated by the expression (2.18):
a= —In(R) (2.18)
where R is the reflectance expressed as a decimal. Finally, by plotting (ahv)? vs. hy

and extrapolating the linear portion to the photon energy axis, when (ohv)® = 0 and
hv = E,, the semiconductor band gap was determined [33].
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2.4.7. Fourier transform infrared spectroscopy (FTIR)

Identification of functional groups present in the catalysts was performed by FTIR.
Spectra of the samples were obtained on a Nicolet iS10 spectrometer using KBr
wafers containing about. Data were acquired in the wavenumber range 400-4000
cm ' using 32 scans with a resolution of 4 cm™' and processed using OMNIC
Software.
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A solid mixture of sample and KBr, containing 0.01 g sample, is homogenized and
pressed to obtain a pellet. Then an infrared light beam is passed through the pellet
and the molecules contained in the sample absorb the photons whose vibration
frequency corresponds to those of their chemical bonds. A detector measures the

intensity of the transmitted beam to plot an infrared spectrum showing the
transmission vs. wavenumber which is used as a fingerprint for identification of the
type of functional groups in the sample [34].

2.4.8. Scanning electron microscopy-Energy dispersive X-ray analysis
(SEM-EDX)

The morphology of catalyst particles was characterized by scanning electron
microscopy (SEM) using a Hitachi S-4800 apparatus working at 20-30 kV
accelerating voltage and 500-2000 magnification. In addition, the catalyst was
examined by means of energy dispersive X-ray analysis (EDX) to determine the
distribution of Ti and Fe in the particles. For that purpose, a SSD detector XFlash
5010 (Bruker), working at 5 kV accelerating voltage and 500-2000 magnification
was used.

In this analysis the sample is scanned by a high focussed electron beam producing
low energy secondary electrons, backscattered electrons and X-rays. Then, by the
measurement of the secondary electrons intensity a high resolution image of the
sample topography is constructed. Additionally, the X-rays emitted from the
sample are used to do an elemental analysis of it [35].
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3.1. Abstract

Aqueous mixtures of six commonly detected emerging contaminants

(acetaminophen, antipyrine, bisphenol A, caffeine, metoprolol and testosterone),

selected as model compounds, were treated by different solar-driven photochemical

processes including photolysis, photocatalytic oxidation with Fe(Ill) or TiO,,

photo-Fenton and single, photolytic and photocatalytic ozonations. Experiments

were carried out in a compound parabolic collector photoreactor. It was found that
photolysis and photocatalytic oxidation using Fe(Ill) are not effective for the
complete removal of the selected contaminants, while TiO, photocatalysis, photo-
Fenton, single, photolytic and photocatalytic ozonations can rapidly remove them
and decrease total organic carbon to some extent. The combination of
photocatalytic oxidation and ozonation considerably enhances the system
efficiency by reducing the ozone demand and energy requirements to completely
remove the contaminants. Results also demonstrate that, at the operational
conditions applied in this work, the contaminant removal and mineralization by
ozone processes takes place in the slow kinetic regime, therefore the application of
the ozone combined processes studied instead of single ozonation is recommended.
Kinetic considerations on the application of solar photocatalytic processes for

mineralization have been also assessed.

Keywords: Compound parabolic collector, emerging compound, ozonation kinetic
regime, photocatalytic ozonation, synergy.
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3.2. Introduction

Nowadays a great number of pharmaceuticals and personal care products,
commonly known as emerging contaminants (ECs), are being detected in aqueous
systems such as rivers, lakes, streams, aquifers and wastewater treatment plant
influents and effluents. These compounds are considered potentially hazardous as
some are ubiquitous, persistent to conventional wastewater treatments and
biologically active, many of them with recognized endocrine disruption functions
[1,2].

Advanced Oxidation Processes (AOPs) constitute an alternative for the degradation
of ECs. AOPs are physicochemical processes based on the generation of hydroxyl
radicals ('OH) under mild experimental conditions. The hydroxyl radical has a non-
selective, high oxidizing power (E° = 2.8V vs. SHE), which makes it able to
mineralize almost any organic molecule, yielding CO, and inorganic ions [3].
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Heterogeneous photocatalytic oxidation, being one of the most applied AOPs,
involves the absorption in a semiconductor particle of photons of energy (hv) equal
to or exceeding the band gap energy (E,) of the semiconductor, resulting in the
excitation of an electron (¢ ¢g) from the valence band to the conduction band and,
therefore, in the generation of a positive hole (h'yg) in the valence band.
Electron/hole pairs might further trigger a process leading to the generation of ‘OH
and, as a result, to the degradation of pollutants. Titanium dioxide is, so far, the
most extensively used photocatalyst due to its high chemical stability, its non-
toxicity, its relatively low cost and its highly oxidizing power in solar-driven
processes as it is capable to absorb UV radiation from the solar spectrum [3].
Likewise, homogeneous photocatalytic systems using iron-based catalysts have
been widely applied. Thus, Fe(Ill) photocatalytic oxidation can generate iron (III)
aqua complexes, primarily Fe(OH)*", which undergoes photolysis under radiation
of A>300 nm to yield "OH radicals. Moreover, if hydrogen peroxide is added, the
resulting system, known as photo-Fenton, enhances the generation of hydroxyl
radicals through the decomposition of H,O,. Iron-based catalysts are not toxic,
easily available and can be efficiently used at acidic conditions [4,5].

Ozonation has also been extensively used in water treatment. Ozone is a selective
oxidant (E° = 2.07V vs. SHE in acidic medium and 1.27V vs. SHE in alkaline
medium), which can react directly with many organic compounds. In addition, it
can also decompose, especially at alkaline conditions, into hydroxyl radicals [6].

It is well known that the combination of various AOPs may lead to an enhanced
production of ‘OH radicals and other oxidizing species and, as consequence, to



Paper 1 | 93

faster degradation pollutants. In this sense, photocatalytic ozonation, which
involves the combination of photocatalytic oxidation and ozonation, can be a
promising treatment method [7]. Some previous studies have already shown that
synergistic effect might occur when photocatalysis and ozonation are carried out
simultaneously [8,9].

In this work, various AOPs, such as ozonation, photolytic ozonation, Fe(III)
photocatalytic oxidation, photo-Fenton, TiO, photocatalytic oxidation and the
combination of some of them have been applied to degrade aqueous mixtures of six
ECs under solar illumination and process performance has been compared. The
ECs used have been acetaminophen (ACE), antipyrine (ANT), bisphenol A (BIS),
caffeine (CAF), metoprolol (MTP) and testosterone (TST). Their chemical
structures, common uses and some reported data on their detection in water bodies
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are summarized in Table 3.1.

Previous works have addressed the abatement of ECs in water using solar-driven
photocatalysis [10-12] and ozonation [13-15]. However, to the best of our
knowledge, only three works have been published so far dealing with solar
photocatalytic ozonation at pilot scale [16—18]. The present work is focused on a
study on the kinetic aspects concerning these AOPs, such as oxidation pathways,
ozone reaction regimes of absorption and apparent reaction rate constants, as well
as on the synergistic effect of some solar-driven combined processes.

Table 3.1. Chemical structures, common uses and occurrence in water bodies of the ECs
used in this work

Compound Chemical structure Common uses Detected in

WWTP  influents and
on effluents (up to 1534 ng
ACE jl /©/ Analgesic, L") [1], groundwater (up to
He' antiinflammatory 1890 ng L) [19], surface
waters (up to 10000 ng L")
[20,21].
/A/_<CH3 WWTIP influents (up to 72
o . . ng L) and effluents (up
ANT oo Antipyretic, to 58 ng L) [15], and
@ analgesic

surface waters (up to 752

ng LY [21].
WWTP effluents (up to
3642 ng L") [22], surface
FC o waters (up to 12000 ng LY
BIS Plasticizer [20], and paper industry
HO of effluents (up to 370000 ng

L7 [23].
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Table 3.1. (continued) Chemical structures, common uses and occurrence in water
bodies of the ECs used in this work

Compound Chemical structure Common uses Detected in

WWTP influents (up to
D e 230000 ng L") [24] and
N N . effluents (up to 1589 ng
CAF O)\)Nt'? Stimulant L") [15], and surface
Shy waters (up to 6000 ng L)
[20].
JOHVH WWTP  effluents and
MTP N@” " B-blocker surface waters (both up to
Hico CHs 2200 ng L") [25].

cn, PH WWTP effluents (up to

. 49 ng L) [22] and
ST Steroid hormone surface waters (up to 214

o ng L") [20].
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3.3. Materials and methods

3.3.1 Chemicals

Unbuffered ultrapure water (18.2 MQ cm) obtained from a Milli-Q water
purification system provided with a Quantum ultrapure cartridge (Millipore S.A)
was used to prepare aqueous solutions of the six selected ECs, all of them
purchased from Sigma—Aldrich. Solutions containing the target ECs were stored in
the dark at room temperature and were found to be stable for several weeks.
Hydrogen peroxide (30% w/v) was acquired from Panreac.

Iron (III) perchlorate hydrate (Sigma—Aldrich) was used as Fe(Ill) source in
homogeneous Fe(Ill) photocatalytic oxidation experiments while AEROXIDE®
TiO, P25 (Degussa-Evonik) was used as catalyst in heterogeneous photocatalytic
oxidation experiments.

Chemically pure (>99%) sodium chloride, sodium sulfate, sodium carbonate,
sodium nitrate and sodium phosphate 12-hydrated, all of them supplied by Panreac,
were used in some experiments. Other laboratory reagents used throughout the
experiments were sodium thiosulfate pentahydrate (Merck), potassium indigo-
trisulfonate (Sigma—Aldrich), acetonitrile (Fisher Scientific), phosphoric acid
(85%, Fisher Scientific), titanium(IV) oxysulfate-sulfuric acid solution (Sigma—
Aldrich), hydrochloric acid (37%, Acros Organics) and sodium hydroxide
(Panreac).
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3.3.2. Experimental set-up

A compound parabolic collector (CPC) was used as photo-reactor. The reactor was
assembled by Ecosystem Environmental Services S.A. (Spain) and equipped with 4
borosilicate glass tubes (32 mm external diameter, 1.4 mm thickness, 750 mm
length), anodized aluminum reflectors tilted 45 degrees and, inlets and outlets for
the gases (see Figure 3.1.). The total collector surface is 0.25 m’ and the
illuminated volume is 1.8 L. A broadband UV radiometer (290-370 nm, Acadus
85-PLS) tilted at the same angle of the CPC was used to measure the solar
instantaneous and accumulated UV light absorbed. A laboratory ozone generator
(OZVa 1200E, ProMinent) was used for the production of ozone from an air stream
supplied by a compressor (Extreme 30, Pintuc). A precision gas flow controller
(Alicat Scientific) set to 0.67 L min~' was used to continuously feed the inlet gas
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that was bubbled through two porous plates situated at two of the reactor tubes.
The pH of the aqueous solution was controlled at set point values by means of an
automatic pH control system. GM-6000-RTI and GM-6000-PRO ozone analyzers
(Anseros) were used to monitor the ozone concentration in the inlet and outlet gas
streams, respectively.

Polypropylene tubes ———

Parous plate
Borosilicate glass tubes %@ ]

<— Gasoutlet

-

Loading port

N

Homogenization
tank

! 4

UV Radiometer Borosilicate glass tubes

A

T
Centrifugal pump

R — Gas inlet _— |
FRONT VIEW SIDE VIEW

Eomsmcate_’
glass tube “— )
CPC reflecting
surface

Figure 3.1. Scheme of the CPC photo-reactor

3.3.3. Experimental procedure

Semi-batch mode experiments were carried out in Badajoz, Spain (38°52'43" N,
6°58'15" W) under sunlight and at ambient temperature. Typically, a reservoir tank
was first loaded with 5 L of the aqueous solution of ECs and the required amount
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of catalyst was added afterwards. Then, the solution was recirculated through the
CPC by a centrifugal pump at a flow rate of 8.7 L min™' so that the flux pattern
inside the tubes was turbulent (the Reynolds number was 7550). For the first 30
min, the CPC tubes were kept covered to avoid sunlight illumination. This time
was enough to reach the adsorption equilibrium of ECs onto TiO, (if used). After
that, the CPC was uncovered and the gas feeding was started. Also, if needed,
hydrogen peroxide was added at this point. Reaction samples were withdrawn at
intervals through a sampling port to determine the ECs concentration, the
remaining total organic carbon (TOC), and the concentrations of hydrogen
peroxide, ozone and Fe(Il). The ozone concentration in the outlet gas stream was
also continuously monitored with in-line ozone analyzers.
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The initial concentration for each compound was 10~ mol L™ (i.e. inmg L', 1.51
ACE, 1.88 ANT, 2.28 BIS, 1.94 CAF, 2.67 MTP and 2.88 TST). These starting
concentrations were selected to improve the chemical analysis accuracy and
facilitate a kinetic comparative study of the mineralization. The initial Fe(III) and

TiO, concentrations were 2.79 and 200 mg L', respectively, and the initial
H,0,/Fe(Ill) mass ratio was 6.09. Depending on the type of experiment being
carried out, the gas inlet was either air or an air-ozone mixture (13 mg L™ ozone).
These experimental conditions were chosen from previous works [7,26,27] where
they resulted very appropriate to study the removal and mineralization of water
pollutants. Experiments using iron-based systems were conducted at pH 3 while
Ti0,-based systems were at pH 7.

3.3.4. Analytical methods

Some samples taken from the reactor during the course of experiments using ozone
were immediately bubbled with helium to remove residual ozone. Likewise, excess
hydrogen peroxide in samples could be quenched by adding an aliquot of
concentrated sodium thiosulfate solution. These procedures avoided further ozone
and/or hydrogen peroxide reactions while samples were kept before ECs and TOC
analyses. It was checked that no volatile organic compounds were removed as a
result of helium bubbling. Prior to analysis, the samples were filtered by a 0.22 um
PET filtering membrane (Chromafil Xtra).

The concentration of the compounds was analyzed by high-performance liquid
chromatography with an Agilent 1100 Series HPLC apparatus (Hewlett Packard)
equipped with a Kromasil C18 column (150 mm x 4 mm internal diameter, 5 pm
particle size, Teknokroma) as stationary phase. ANT, CAF and MTP were
analyzed with 0.65 mL min ' flow of a 3:17 (v/v) acetonitrile (solvent A) and 0.1%
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(v/v) phosphoric acid solution (solvent B) mixture and 240, 275 and 225 nm,
respectively, as detection wavelengths. BIS and TST were analyzed using a 50%
mixture of solvents A and B at 1 mL min~' and 220 and 250 nm, respectively, as
detection wavelengths. ACE was analyzed with a 3:17 (v/v) mixture of solvents A
and B at 1 mL-min™' and 244 nm wavelength detection.

Total organic carbon (TOC) was measured using a TOC-VSCH analyzer
(Shimadzu) equipped with an ASI-V autosampler.

Dissolved ozone concentration was spectrophotometrically measured at 600 nm by
the indigo method [28]. Hydrogen peroxide at concentrations below 2.21 ppm
(6.5x107° mol L") was measured by photometry at 260 nm using the cobalt-
bicarbonate method proposed by Masschelein [29] while for higher H,O,
concentrations the Eisenberg colorimetric method was followed [30]. Aqueous
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Fe(Il) was colorimetrically measured at 510 nm by complexation with ortho-
phenantroline [31]. All the spectrophotometric measurements were carried out in a
Helios-a UV/Vis spectrophotometer (ThermoSpectronic).

3.4. Results and discussion

3.4.1. Preliminary experiments

To determine whether the selected ECs formed solar-photoactive iron complexes at
the experimental conditions used in this work, aqueous solutions of each target
compound and mixtures of each of them and Fe(IIl) were prepared at pH 3 and
their UV-vis spectra were recorded. It was found that the spectra of each compound
and that of its corresponding mixture with Fe(IlI) were identical, which means that
no photoactive iron complexes were formed. Figure 3.S1. of the supplementary
material shows the absorption spectra of these solutions for wavelengths between
200 and 500 nm (no absorption was observed at wavelengths above the plotted
range).

3.4.2. Target compounds depletion and total organic carbon removal

Aqueous solutions containing a mixture of the six ECs were subjected to various
AOPs. The oxidation systems applied were: photolysis (hv), Fe(Ill)-photocatalytic
oxidation (Fe(Ill)/hv), photo-Fenton (Fe(Ill)/H,O,/hv), ozonation (O;), photolytic
ozonation (Os/hv), Fe(Ill)-photocatalytic ozonation (Fe(IlI)/O;/hv), photo-Fenton-
based photocatalytic ozonation (Fe(Ill)/H,0,/Os/hv), TiO, photocatalytic oxidation
(TiOy/hv), and TiO, photocatalytic ozonation (TiO,/Os/hv). Figure 3.2. shows the
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Figure 3.2. Evolution of the normalized concentration (Cgc/Cgc o) for ACE, MTP and TST.
Experimental conditions: Mixture of six ECs (10~ mol L™ each), Creamy = 2.79 mg L,
H,0,/Fe(Ill) = 6.09 (mass), C,, = 200 mg L', Q, = 0.67 L min"', Co3, = 13 mg L,
average incident UVA solar radiation 41.2 W m 2. Symbols: hv (@), Fe(Ill)/hv/pH 3 (3¥),
Fe(II)/H,Ox/hv/pH 3 (®), Os/pH 3 (@), Os/hv/pH 3 (®), Fe(Ill)/Os/hv/pH 3 (M),
Fe(I11)/H,0,/03/hv/pH 3 (&), TiOyhv/pH 7 (A), Os/pH 7 (O), Os/hv/pH 7 (),
TiO,/Os/hv/pH 7 (€).
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Figure 3.3. Evolution of the TOC removal vs. UV dose for systems at pH 3 (upper graph)
and 7 (lower graph). Experimental conditions: Mixture of six ECs (10~ mol L' each),
Cream = 2.79 mg L', H,0,/Fe(IIl) = 6.09 (mass), C,,,, =200 mg L', Q, = 0.67 L min "',

Cose =13 mg L average incident UV A solar radiation 41.2 W m>.
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concentration profiles during the course of these experiments for ACE, MTP and
TST as an example. It should be notice that the compounds concentrations were
normalized with respect to their corresponding initial concentrations.

Also, the TOC evolution vs. supplied solar energy is shown in Figure 3.3. for the
experiments for which fast TOC removal was observed. Figure 3.S2. of the
supplementary material shows the correlation between solar energy dose and
irradiation time.

All solar experiments were started around midday in order to have similar radiation
conditions. Thus, as can be seen in Figure 3.S2., the energy supplied during the
first 90 min of irradiation was quite similar for all the experiments. Differences in
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the accumulated energy with time among experiments were only noticeable at

longer reaction times.
A. ECs adsorption onto TiO;

As stated in the experimental section, when TiO, was used as catalyst, adsorption
of ECs was allowed for 30 min in the dark. This time was proven long enough to
reach adsorption equilibrium. It was found that barely 2-6% of the initial amount of
ECs was adsorbed onto TiO,.

B. Photolysis

None of the ECs investigated but TST was removed by direct photolysis. This fact
was expected since solar radiation under 290 nm does not reach Earth’s surface as
it is mostly retained by gases in the atmosphere [32] and target ECs do not absorb
radiation above 300 nm significantly (Figure 3.S1.). Additionally, CPC borosilicate
tubes only cut off radiation with wavelengths below 300 nm. However, TST was
partially photo-degraded (14%) by solar radiation (see Figure 3.2.). As discussed
elsewhere [33] this is likely due to the fact that TST can absorb radiation of
wavelengths below 360 nm (molar absorptivity, €, around 110 L mol ' cm™" and
quantum yield, @, at 313 nm of 2.4x107), giving rise to n—* transition of its
carbonyl group. Despite partial removal of TST, direct photolysis (hv) did not lead
to mineralization at all (not shown).

C. Photocatalytic oxidation

Table 3.2. summarizes the main reactions involved in the AOPs used in this work.
In the photocatalytic oxidation with Fe(Ill)/hv, compound oxidation occurs by the
formation of aqua complexes, mainly Fe(OH)*" (see reaction (3.1)), which can
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undergoes photolysis under UV radiation (A>300 nm) to give hydroxyl radicals as
shown in reaction (3.2). The quantum yield of Fe(OH)*" photolysis is 0.14 at 313

nm and 0.017 at 360 nm [34].

Table 3.2. Reactions involved in the AOPs applied

Reaction Kinetic constants  Ref.
Fe’* + H,0 ——=Fe(OH)*" + H' (3.1 [34]
Fe(OH)** —“>Fe* +* OH (3.2) 12x107°s" [34]
Fe** +H,0,——Fe* +OH + ‘OH (3.3) 63M s [35]
H,0, —*52'0H (3.4) [36]
H,0, +* OH——HO," +H,0 (3.5) 3x10°M s [36]
Fe* +HO,” ——0, +Fe*" +H" (3.6) 33x10°M'sT [36]
0,+0OH ——HO," + 0, (3.7) 70M s [37]
0,+0,” —>0," + 0, (3.8) 1.6x10°M's! [37]
0, +* OH——HO,’ (3.9) 2x10°M s [37]
0, + H,0—-0, +H,0, (3.10) [38]
Fe’* +0,—>Fe0* +0, (3.11) 82x10°M's'  [39]
FeO” ——Fe’ +* OH+ OH (3.12) 13x10°M s [39]
FeO* +Fe?* +2H —2Fe* + H,0 (3.13) 14x10°M's™ [39]
TiQ, —x=30m ye° =+ h*, (3.14) [3]
h*vs + OH — ' OH (3.15) B3
0, +¢ s ——0," (3.16) 3]
0,+e s —0," (3.17) 3.6x10°M st [40]
0,"+H —HO," (3.18) [3]
(3.18b) [3]

HO,” — 0, +" OH
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According to Figure 3.2., the Fe(Ill)/hv system led to partial degradation of the
ECs. ECs conversion was between 15 and 30%, except for TST. For this latter, a
higher conversion (45%) was reached as a result of the contribution of direct
photolysis as discussed above. The Fe(Ill)/hv system, however, was not able to
mineralize the ECs to any extent (not shown).

The addition of H,O, to Fe(Ill)/hv system gives rise to the well-known oxidation
system called photo-Fenton. In this system, H,O, accelerates the "OH production
via reactions (3.3) and (3.4) (see Table 3.2.). Additionally, hydrogen peroxide can
react with "OH to form hydroperoxyl radicals (reaction (3.5) in Table 3.2.), which,
in turn, can reduce Fe(Ill) to Fe(Il) (reaction (3.6) in Table 3.2.). The average
quantum yield for H,O, photolysis between 200 and 400 nm is 1.11 [36].
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As seen in Figure 3.2., the application of photo Fenton process led to removals of
the ECs higher than 99%. This points out the greater efficiency of the photo-Fenton
process in the generation of oxidizing species compared to the Fe(Ill)/hv system.
However, once about 50% TOC removal was reached, no further mineralization
was observed, as can be seen in (Figure 3.3.). It should be notice that when c.a.
50% TOC removal was achieved all the added H,0O, had been consumed. These
results demonstrate that the target ECs can be degraded by radical species.
However, a greater concentration of free radicals is needed to obtain complete ECs
depletion and degrade their intermediates, thus achieving a great level of ECs
mineralization.

D. Ozonation and photolytic ozonation

The application of single ozonation in the absence of solar radiation led to a
complete removal of the ECs. Since ozone reacts selectively with compounds
having unsaturated moieties (double or triple carbon bonds) or aromatic rings with
substituent groups that activate the ozone electrophilic reactions, it was expected
that the ECs studied here were removed by direct ozonation [41]. Table 3.S1. of the
supplementary material shows some literature data on pKa of the ECs and rate
constants of the reactions of the ECs with ozone (ko;) and hydroxyl radicals (kop).
Also, points of ozone attack to ECs molecules are presented. All the ECs, except
ANT, have pKa values higher than 9 so at the pH values applied in this work (3
and 7) they are mainly in their neutral forms (>99.6%). ANT, on the other hand,
would be mostly in its deprotonated form (>97.5%). Thus, their reactivity towards
the ozone molecule is supposedly independent on the pH. However, it is worth
mentioning that some important deviations were found in the values of ko; reported
in the literature. Thus, for instance, the reported values for ACE at acidic
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conditions ranged from 10° (pH 3) to 10° (pH 2) even though at both pHs ACE is
present in water in its neutral form. These differences might be attributed to the
kinetic procedure the authors followed to determine the rate constants. Despite this
fact, these rate data might be useful to discuss the results of this work.

The experimental results indicate that CAF, MTP and TST have low reactivity
towards ozone compared to the other ECs investigated, as it took longer times
(around 30-35 min) for them to be completely removed at both pH 3 and 7. In
Table 3.S1., the ko; values that best fit the experimental results of this work have
been underlined. ACE, ANT and BIS were completely eliminated after c.a.15-25
min ozonation time.

O
>
[
=]
—
@D
=

Single ozonation led to mineralization percentages of 7% (pH 3) and 14% (pH 7).

As a selective oxidant, ozone can remove the parent compounds and transform
them into intermediates that may be recalcitrant to ozone attack, especially small
oxygenated species, short chain acids and alcohols, thus not high mineralization
capability was expected for this system [42]. The application of ozone produces a
high accumulation of H,O, due to the breaking of aromatic rings and unsaturated
groups and as a consequence, an increase in the ozone decomposition rate, as
indicated in reactions (3.7-3.9) (see Table 3.2.) [37]. At pH 7, ozone
decomposition likely goes through reaction (3.7), which could explain the higher
mineralization single ozonation reaches.

The application of ozone in the presence of radiation (Os;/hv), both at pH 3 and 7,
led to an enhancement of the ECs degradation and mineralization rates. This
improvement is likely due to a partial depletion of ozone under UVB (290 < A <
315 nm) radiation directly yielding H,O, as shown in reaction (3.10) [38].

The generated hydrogen peroxide undergoes photolysis to yield ‘OH radicals (as in
reaction (3.4) in Table 3.2.) which, consequently, favors the production of more
reactive oxygen species as indicated in reactions (3.8-3.10) (see Table 3.2.). These
radicals are likely the main responsible species for the ECs mineralization.

It is worth mentioning that during the course of solar experiments, the temperature
of the aqueous solution increases gradually from c.a. 20 °C (typical initial value) up
to c.a. 35°C. This favored the ECs degradation rates since ozone reaction rates
increase with temperature as reported elsewhere [43]. Although an increase of the
reaction temperature reduces the ozone solubility, the increase of the kinetic energy
of the molecules has likely a stronger effect on the compound degradation.
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The depletion profiles observed during single ozonation experiments for BIS, CAF,
MTP and TST show an induction stage which was not observed in the rest of the
ozone processes. This induction stage is likely due to a competitive use of ozone
between the parent compounds and their primary degradation intermediates.
Intermediates formed during the first stages of reaction might still present available
moieties that could react fast with ozone [44]. As the reaction continues, ozone-
refractory byproducts are expected to be formed (i.e. carboxylic acids), thus
favoring the removal of parent compounds, which are more prone to react with
ozone. In contrast, photolytic ozonation and other ozonation led to a higher
concentration of free radicals, thus avoiding the accumulation of ozone-consuming
intermediates, which would explain the absence of the induction period observed.
This can also hold for other ozone combined oxidation systems.
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E. Photocatalytic ozonation

If present, Fe(I) species can decompose O; to yield ‘OH through the pathway
indicated by reactions (3.11) and (3.12) (see Table 3.2.) [39]. However, "'OH
generation through this way can be affected if reaction (3.13) takes place.

As a general trend, the presence of Fe(Ill) exerted a positive effect on ECs removal
rates. However, in the case of ACE, which reacts fast with ozone, Fe(Ill) did not
affect the removal rate. With regard to ECs mineralization, similar TOC conversion
was observed for both Fe(Il)/O;/hv and Os/hv systems (63-67%) likely due to
reaction (3.13) as Fe(Il) was always detected in the medium.

The Fe(Il)/H,0,/O5/hv system may have synergistic effect due to catalytic ozone
decomposition. Accordingly, this system led to a high mineralization degree
(93%). However, ECs depletion profiles were very close to those of
Fe(II1)/H,0,/hv, which suggests that the dominant mechanism for these processes
is the radical-mediated degradation due to the contribution of photo-Fenton
reactions to increase the concentration of hydroxyl radicals.

F. TiO; systems

The mechanism on photo-induced oxidation of organic compounds mediated by
TiO, is well known and it has been widely discussed [3]. TiO, can absorb photons
with wavelength higher or equal to its band gap, thus promoting electrons from the
valence to the conduction band generating electronic vacancies (holes, h'yg) at the
valence band (reaction (3.14) in Table 3.2.). Then, the promoted electrons (e cg)
and the holes participate in reduction-oxidation reactions producing a series of free
radicals (see reactions (3.15) and (3.16) in Table 3.2.).



Paper 1 | 105

The ozone molecule is able to accept electrons from the surface of TiO, to give the
ozonide ion radical, O;™ (reaction (3.17)), which, in turn, forms hydroxyl radicals
according to reactions (3.18) and (3.18b) and also diminishes the recombination of
electron-hole pairs.

In this work TiOy/hv and TiO,/Os/hv systems have been investigated at pH 7.
Although TiO, photocatalytic oxidation at pH 7 was more efficient to remove the
ECs than the Fe(Il)/hv system at pH 3, it must be mentioned that the photo-Fenton
system allowed initial degradation rates higher than the TiO,/hv system. However,
ECs mineralization through photo-Fenton stopped when hydrogen peroxide was
consumed as discussed above. Hence, eventually, the TiOy/hv system led to a
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higher level of mineralization (63%). Photo-Fenton-mediated photocatalytic

ozonation was also found to be more efficient than the corresponding TiO, system
at pH 7, which reached 81% ECs mineralization.

3.4.3. Synergistic effect assessment

The results discussed above confirm the synergistic effect when combining some
oxidizing systems. This effect was specially observed in terms of ECs
mineralization. For instance, single ozonation and Fe(Ill)/hv did not lead to
significant mineralization while their simultaneous application allowed a high TOC
removal.

The quantification of the synergy in terms of ECs degradation rates, ECs
mineralization degree and ozone consumption is summarized in Table 3.3. This
evaluation was carried out by calculating the synergy index, SI, adapted from Shin
etal [16]:

P

SI — combined AOPs

P,.., +P

AOP1 AOP2

(3.19)

where P represents the value of a given parameter such as the mineralization
degree or the apparent degradation rate constant. A synergy index around 1
indicates a weak synergism so that the combined system performance is additive,
i.e. there is not an apparent improvement by the joint application of various AOPs
compared to the individual processes. A SI higher than 1 indicates that the
combined process has positive synergic effect, while a SI lower than 1 means a
negative effect.
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In Table 3.3. the parameter m represents the ozone consumption rate per mg TOC
removed (which is to be discussed more extensively below), kace, kmte and Krst
are the apparent pseudo-first order constants for ACE, MTP and TST depletion
calculated, as example, from the data plotted in Figure 3.2.

As observed in Table 3.3., in all cases, mineralization was improved by
combination of processes. This was especially noticeable for O;/hv (at pH 3 and 7)
and Fe(IlI)/Os/hv (pH 3). Fe(Ill) systems presented a higher SI for TOC removal
compared to TiO,/Os/hv (pH 7) system, likely due to the different species formed
in Fe(IIl) systems.

Regarding SI for the pseudo-first order degradation rate constant of ACE, MTP and
TST removal, photolytic ozonation (at pH 3 and 7) and Fe(Ill)-photocatalytic
ozonation (at pH 3) enhanced the compounds degradation rate considerably.
However, SI was found to be around 1 for both photo-Fenton (at pH 3) and TiO,
based (at pH 7) photocatalytic ozonations.
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With respect to SI for ozone consumption, 1, values lower than 1 has to be
interpreted as a positive result since they mean less ozone requirements for the
combined process compared to the required ozone rate to remove a given amount
of TOC for the individual processes.

Table 3.3. Synergy index (SI).

TOC Kk k k n
ACE MTP TST
Combined system Individual AOPs removal
Synergy index
Os/hv/pH 3 O3+ hv (pH 3) 9.6 1.7 3.1 1.6 0.13
Fe(II)/O5/hv/pH 3 Fe(IlI)/hv + Os (pH 3) 9.0 1.0 3.8 2.6 0.14

Fe(II1)/05/H,0,/hv/ Fe(II1)/H,0O,/hv +
e(ID/Os/H;05/hv e(ID/H:0-/hv 1.7 08 09 07 005

pH 3 05 (pH 3)
Os/hv/pH 7 O3+ hv (pH 7) 2.4 1.0 2.6 2.3 0.14
TiO,/Os/hv/pH 7 TiO,/hv + O3 (pH 7) 1.1 1.0 09 1.0 0.10

kacg, kmtp and krgr represent the apparent pseudo-first order constant for ACE, MTP and

TST removal rate while n is the parameter representing the ozone consumption per mg
TOC removed.
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3.4.4. Ozone consumption

Efficient use of ozone is a key factor in ozonation systems as it reduces operational
costs. According to our experimental results, the simultaneous application of
ozonation and other AOPs leads to a positive impact in terms of ozone
requirements for ECs mineralization.

Determination of ozone mass transfer rate to the water phase where ozone reacts
with the organic matter can be accomplished by first applying an ozone mass
balance in the water. For the semicontinuous perfectly mixed photoreactor used in

(@)
this work, the ozone mass balance can be expressed as follows: _g
]
dC,, =
A% i@ =Ng, — 1,V (3.20)

where V is the volume of the reacting system, dCp;/dt represents the accumulation
rate of ozone in the water phase, ro;V the ozone consumed rate accounting for
direct and indirect reactions to degrade the organic matter and No; is the ozone
absorption rate. In the tubes where ozonation experiments were carried out, the
accumulation rate of ozone in the gas phase can be considered negligible [45].
Since the gas flow rate was kept constant the ozone absorption rate equals the
difference between the ozone gas rates at the reactor inlet and outlet:

N03 :Qg (C03,gin - CO3,g0ut) (321)

where Q, is the gas flow rate, Cosin and Cos out are the ozone concentrations in
the gas at the reactor inlet and outlet, respectively. Taking into account that V was
also constant, after substitution of equation (3.21) in equation (3.20), variable
separation and integration, the ozone balance can be expressed as follows:

t t t
A% (C03 )+ IO rozdt) =Q, (_[0 Co, gindt = IO Co, . omdt) (3.22)

where Cq; i1s the concentration of ozone in water. Therefore, the mole ratio
between the ozone consumed and TOC removed in a period of time was calculated
as zg:

t t
Q, (.[o Co, gindt = Io Co, 4 outdt) —VCy, ()

(3.23)
\ (CTOCO _CTOC()

z5(t) =



108 | Paper 1

In equation (3.23), Croco and Croct stand for the organic carbon content at the
beginning of the ozonation and after a time t of reaction, respectively. Using
experimental data the parameter zg at different times was calculated by applying
equation (3.23) and a numerical integration method. Figure 3.4. shows the results
obtained expressed as mg O; mg ' TOC. The curves are plotted from 60 min
irradiation when all the parent compounds had already been eliminated and only
refractory byproducts remained, whose concentration slowly diminished with time.

= 180
- L 4
~ 1354
) S .
@)
E 90
(@) ;:‘
E 0 " o ©
o * &
o * 8 @ <
E 204 A o)
No ] @ A A A
A D
0 T T T T T T T T T
60 120 180 240 300
TIME (min)

Figure 3.4. Consumption of ozone per mass of TOC removed. Experimental
conditions: Mixture of six ECs (1075 mol L™ each), Creqny = 2.79 mg Lfl, H,0,/Fe(IIl) =
6.09 (mass), C,,, =200 mg L™', Q, = 0.67 L min"', Cos, = 13 mg L', average incident
UVA solar radiation 41.2 W m2. Symbols: Os/pH 3 (#), Oy/hv/pH 3 (®), Fe(I11)/Os/hv/pH
3 (W), Fe(III)/H,0,/03/hv/pH 3 (A), Os/hv/pH 7 (%), TiO»/Os/hv/pH 7 (©).

The slope of each curve, defined here as m, gives an estimation of the average rate
of ozone (mg min ') that is required to eliminate 1 mg of TOC. Values of n were
found to be 1.47, 0.19, 0.214, 0.205, 0.145 and 0.069 mg O; mg’1 TOC min' for
O; at pH 3, Os/hv at pH 3, Fe(III)/Os/hv at pH 3, Os/hv at pH 7, TiO,/Os/hv at pH
7 and Fe(1l1)/H,0,/Os/hv at pH 3, respectively. Then, to remove a given amount of
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organic matter, ozone consumption is 10.1 or 21.3 fold higher if simple ozonation
is used compared to the use of TiO,/Os/hv (at pH 7) or Fe(1l1)/H,0,/Os/hv (at pH
3) systems, respectively. Furthermore, in the case of simple ozonation the
application of large quantities of ozone does not guarantee to reach the desired
TOC conversion, since as previously discussed, ozonation efficiency is affected by
the accumulation of refractory products.

3.4.5. Effect of inorganic species

Different inorganic species present in wastewater may affect AOP removal rates.
Thus, the effect of the presence of inorganic compounds in the aqueous matrix,
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such as nitrate, phosphate, chloride, carbonate and sulfate ions was also studied.

These species were added to the aqueous solution at concentration levels
commonly found in WWTP effluents [15, 46]. Thus, a new series of experiments
was carried out in the presence of Cl, SO,*, COs*, NO; and PO, at 79, 107,
270, 55 and 6 mg L', respectively. The AOPs applied were Fe(II1)/H,0,/O5/hv/pH
3 and TiO,/O3/hv/pH 7.

Figure 3.S3. and 3.S4. of the supplementary material show, respectively, the
normalized ECs depletion profiles and TOC conversion with time obtained
compared to the results without ionic species. On the other hand, Figure 3.S5.
presents the variation of the accumulated UV dose with time for the solar systems
applied. As it is seen from Figure 3.S5. UV radiation received was similar for all
the experiments during the first 150 min reaction time. Thus, comparison among
these experiments can only be made for this reaction period. Under the conditions
investigated the effect of these ionic species is observed to be negative. When
applying the TiO,/Os/hv/pH 7 system, the presence of ions delayed for about 20
minutes the time to remove the target ECs at 99% level. Also, ECs mineralization
rates were diminished. These results suggest that in the TiO,-based systems the
presence of the selected anions reduces the active surface of the semiconductor
exerting a scavenging effect on radical production.

Similar comments can be applied to the Fe(III)/H,0,/O3/hv/pH 3 system, though
anionic species apparently affected the oxidation rates in a lesser extent. As this
process was carried out at pH 3, carbonate ions were quickly transformed into
carbonic acid, which was released through the outlet gas stream as CO,. However
the final ECs mineralization was diminished in the presence of mineral anionic
species.
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3.4.6. Kinetic aspects of AOP systems investigated

Finally, a kinetic evaluation of the ECs mineralization processes was carried out.
The kinetic studies of the AOP systems have been classified here according to the
pH of water (3 or 7) and focuses on TOC removal since the AOPs involve many
different reactions, most of them with the participation of free radical entities and
intermediate compounds of different nature, with mass transfer and chemical steps.

First, the mass balance equation corresponding to the reactor used has to be known.
This largely depends on the type of flow the water has through the reactor. In this
work, given the turbulent flow regime and the recirculation flow, perfect mixing
has been assumed. On the other hand, whether or not ozone was fed, a non-
stationary regimen holds (batch or semi-batch CPC photo-reactor) so that the mass
balance of TOC (as surrogate parameter that undergoes reaction) is:
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dC
—thOC =Tpoe (3.24)

where rroc is the rate of TOC removal due to all possible reactions: direct
ozonation, direct photolysis and hydroxyl radical oxidation. This rate term,
obviously, depends on the type of AOP system applied.

A. AOP systems at pH 3

The AOP processes applied at pH 3 were Fe(II)/hv, Fe(Il1)/H,O,/hv, Fe(I11)/Os/hv
and Fe(Il1)/Os/H,0,/hv and, for comparative reasons, hv, O;, Os/hv. For the most
complex AOP system (Fe(I11)/Os/H,0,/hv), equation (3.24) becomes:

d(:TOC

dt = _[kuv o3 Cos +kHOCHO] Croc (3.25)
where the three terms on the right hand side of equation (3.25) correspond to the
potential contributions of direct photolysis (kyy), direct ozonation (ko;) and
hydroxyl radical oxidation (koy). In this work, in addition to ozone direct ozone
reactions and direct photolysis, it is assumed that no other free radicals or short-
living fast-reacting species different than hydroxyl radicals are active oxidants,
which is in accordance with most of the published works reporting on the AOP
systems considered here. However, according to our experimental results (see
Figure 3.3.), though TST was partially removed by direct photolysis, no TOC
removal was observed in single photolysis experiments so that kyy can be removed
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from equation (3.25). In the ozone-free AOPs, the rate term due to direct ozonation
is zero, so that for Fe(Ill)/hv and Fe(IlI)/H,O,/hv systems, equation (3.25) can be
simplified to:

d'(:TOC

=-k,,C,,,.C 3.26
dt HO “~HO “-TOC (3.26)
In equation (3.26), the concentration of hydroxyl radicals depends on the initiation
reactions of the mechanism that leads to the appearance of these free radicals (see
reactions in Table 3.2.) and this also depends on the type of AOP. Thus, the
kinetics of each AOP system needs a particular discussion.

Fe(l11)/hv system

For Fe(Ill)/hv system the concentration of hydroxyl radicals, Coy, can be expressed
as a function of the Fe(Ill) concentration and the radiation flux. Thus, TOC
removal rate can be expressed as follows:

dCioc
th = _kHOkFe(IH)—UVCFe(IH)CTOC = _lecFe(HI)CTOC (3.27)
where Kgeqm-uv 1S an apparent rate constant that takes into account the effect of the
radiation flux. However, no significant TOC removal was observed when the
Fe(IlI)/hv system was applied so that kt; can be considered negligible.

Fe(111)/H,O,/hv system

In the Fe(II)/H,Oy/hv system, it can be assumed that the photo-Fenton reaction is
the main pathway producing hydroxyl radicals. Photo-Fenton reaction develops
because of the formation of Fe(II) as a result of Fe(Ill) aqua complexes photolysis.
Then, Fe(I) reacts with the added hydrogen peroxide to form '‘OH radicals.
According to this, equation (3.26) is transformed into (3.28):

d(jTOC

dt = _kHOkFentonCFe(II) CH202CTOC = _sz CFe(II)CH202CTOC (3.28)

From equation (3.28) one has:

C t
In—°% =k, IO CFe(Il)CHZOZdt (3.29)

TOCO
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The integral in equation (3.29) was numerically solved from experimental values of
concentrations of Fe(Il) and hydrogen peroxide. Then, from the linear regression of
equation (3.29), a value of 4.34x10° L mol™ min™ was obtained for kr, (R*= 0.97).

Ozone systems

For ozone systems, equation (3.26) is only valid if the regime of ozone absorption
is slow. In the ozonation experiments carried out at pH 3 ozone was always
detected in solution, which is a strong indication of slow kinetic regime [41].
Nevertheless, the kinetic regime of ozonation reactions was determined by the
computation of the Hatta number (Ha). This parameter allows the quantification of
the relative importance of mass transfer and chemical reaction rates in
heterogeneous gas-liquid systems.

For a second order irreversible reaction between a gaseous compound A and the
liquid compound B, Ha is defined as follows:

P
Ha :(kD‘I{J (3.30)

L

where k, D4, ki and Cg are the rate constant of the reaction referred to compound
A, the diffusivity of A in the liquid phase, the individual liquid side mass transfer
coefficient and the concentration of compound B (TOC in this case), respectively.
Here, Hatta determination was carried out considering a global reaction of ozone
with TOC as shown later. However, the apparent second order rate constant k is
needed.

Equation (3.26) is directly applied to ozone systems. For the most complex ozone
AQOP systems studied at pH 3, Fe(III)/Os/H,Oy/hv, equation (3.26), taking into
account equation (3.28), is as follows:

dC:TOC

dt = _[kTZCFe(H)CHZOZ HepCos tkpsCog } Croc (3.31)
In equation (3.31) the two new terms, kpCo; and kr;Cos, are due to the reactions of
TOC with ozone (direct reactions) and with the fraction of hydroxyl radicals that
comes from ozone decomposition initiation-promotion reactions (see Table 3.2.).
The apparent rate constant kr; is the result of applying the Rcr concept [47].
Accordingly, the concentration of hydroxyl radicals in ozone systems can be
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expressed as a function of the ozone concentration and Rcr, proposed to relate both
ozone and hydroxyl radical concentrations. Thus:

k=Ko Rep (3.32)
with
Ciio=RerCo; (3.33)
(@)
»  O;and Os/hvsystems. =1
ie]
In these systems, equation (3.31) reduces to: E
dC ,
— % = —K':Co3Croc (3.34)
dt
where
K=k, +ko (3.35)

Hence, for iron-free ozone systems TOC removal rate was assumed to be due to a
surrogate general reaction between ozone and TOC, with k’r as the apparent
second order rate constant referred to TOC removal rate. However, for Ha
determination the rate constant to be used must be referred to the ozone removal
rate (k in equation (3.30)). According to the stoichiometric ratio, this rate constant
is defined as follows:

k, =z.k; (3.36)
where the global stoichiometric coefficient zg expressed as mole of O; consumed
per mole of TOC depleted, can be calculated with equation (3.23). Then, equation

(3.37) is obtained:

dC k
thOC = _icoscmc (3.37)

Integrating equation (3.37) one yields:
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in—croe g Lo g (3.38)

0
Croco Zg

Values of kr for single and photolytic ozonation were then calculated from linear
regression (R*>0.98) of experimental data according to equation (3.38), and were
found to be 855 and 2190 M'min™, respectively. Next, Ha was determined from
equation (3.30) the surrogate ozone-TOC reaction. In equation (3.30), Do; and ki
were taken as 1.4x10° m® s’ [48] and 4x10™* m s™' [49], respectively. In all cases,
Ha was found to be much lower than 0.3, which confirmed that the general TOC-
ozone reactions developed in the slow kinetic regime, thus validating the TOC
balance equation applied. At first sight, this means that both direct and hydroxyl
radical reactions compete for TOC removal, which means that ozone combined
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systems could be useful technologies to mineralize ECs in water. However, given
the values of kr from ozonation alone and Os/hv systems, it can be concluded that
hydroxyl radical oxidation is the main way of TOC removal.

v Fe(lll)/Osy/hvand Fe(lll)/O3/H,0/hv systems

In Fe(Ill)/Os/hv systems, equation (3.31) could be applied. Once variables are
separated and after equation integration, it becomes:

C t S
In—< + ko, J‘o CFe(H)CHzozdt =-k; .[0 Z—O3dt (3.39)
G

TOC,0

Since kr, is known, the linear regression analysis of equation (3.39) led to the new
values of ky that were 2200 and 2960 L mol' min™' for the Fe(IlI)/Os/hv and
Fe(Il1)/O3/H,Oy/hv  systems, respectively (see Figure 3.5. for the plot
corresponding to the Fe(Ill)/Os/H,O,/hv system). Again, Hatta values were found
to be lower than 0.3, which confirmed the slow kinetic regime for ozone reactions.
By comparing processes on the basis of kt values, Table 3.4. shows that the single
ozonation system 1is less effective in mineralizing ECs than the other three ozone-
based AOP systems studied. The Fe(III)/H,0,/O3/hv system, with the highest rate
constant value for ozone systems, leads to the highest TOC conversion, as
expected. Also, since reactions were carried out at pH 3 it is likely that hydroxyl
radical formation comes from ozone photolysis, ozone-Fe(Il) and photo-Fenton
reactions rather than from the ozone-hydrogen peroxide reaction (ozone only reacts
with the ionic form of hydrogen peroxide). Note that Fe(Il) is formed from the
photolysis of Fe(IIl) complex.
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B. AOP systems at pH 7

Only iron-free ozonation systems were studied at pH 7, that is, O3, Os/hv, TiO,/hv
and TiO,/Os/hv. Equation (3.25) has been modified to be applied to TiO, systems.
Thus, the contribution of the photocatalytic oxidation to the global mineralization
rate has been considered using a Langmuir-type expression [50]. Accordingly,
equation (3.40) has been obtained:

d(:TOC _ kiCO3

= k. o+——1"0
dt 1 (KC)

K 03Co3 Tk Crio |Croc (3.40)
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where XKiCi represents the contribution of equilibria of adsorbing species. As
discussed above, direct photolysis (kyy) can be neglected since no mineralization
was achieved by direct photolysis. Also, as also mentioned before, ECs adsorption

on the TiO, surface was weak and, as a result, their corresponding adsorption
equilibrium constants must be very low. Accordingly and considering the
adsorption of water on the TiO, surface, the denominator of the Langmuir term in
equation (3.40) can be reduce to KyoCro. Hence, Langmuir term finally reduces
to:

k.C

~ Byv-Cat
KHZOCHZO

Finally, TOC mass balance equation (3.40) also becomes as equation (3.38) that
holds for all ozone AOP systems at pH 7. Accordingly, integrated equation (3.38)
has been applied to experimental data of all ozone AOP systems studied at pH 7.
As an example, Figure 3.5. shows the plot of In(Croc/Crocp) versus the integral of
the ozone concentration global stoichiometric ratio over the reaction time
corresponding to a TiO,/Os/hv experiment taken as an example. As it is seen,
experimental data are situated around a straight line. Least squares fitting led a
value for ky of 1.30x10* L mol™! min™'. In the case of Os and Os/hv systems, values
of kr were found to be 739 and 1.13x10* L mol' min™, respectively. Hatta
numbers were in all cases lower than 0.3 then ozone absorption regimes was also
slow.

With regard to the TiO,/hv system, TOC mass balance reduces to equation (3.42):

d(:TOC _ ki(:OZC:TOC ~

'

~ -k C
dt 1 +z (Ki Ci) UV-Cat ~TOC (3.42)
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which is an apparent pseudo first order kinetics. Accordingly, the slope of the
straight line resulting from a plot of In(Croc/Crocy) against time is —k’yy.cy that,
after least squares analysis, was found to be 4.68x10° min .
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0.0 3.0x10™ 6.0x10™ 9.0x10™*
I(C, /2, )dt

Figure 3.5. In(Croc/Croc,) versus the integral of the ozone concentration global
stoichiometric ratio over the reaction time for Fe(I11)/H,0,/Os/hv/pH 3 (A) and
Ti0,/O3/hv/pH 7 (<) systems.

In Table 3.4. the values for kt are also summarized. All rate constants from Table
3.4. have to be used with caution and cannot be directly compared since they are
related to different mechanisms. However they are useful to determine for the
AOPs systems involving both ozone and Fe(IIl), the contribution of these species.
Thus, the parameter %RI is defined as the relative importance (as percentage) of a
given pathway. For the ozone pathway is as follows:

(kD +kT3 ) Co3
kuv +kT1CFc(Ill) +kT2CFc(II)CH202 + (kD +kT3 ) C03

%RI =

x100 (3.43)
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The numerator in equation (3.43) can also be changed to kyy, kriCeeamy or
kr2CreanCr2o2 to evaluate, respectively, the %RI of the contributions due to direct
photolysis, Fe(Ill) complex photodisociation and photo-Fenton reaction. However,
as above mentioned direct photolysis and Fe(Ill) photolysis do not lead to
mineralization. Thus, using the information depicted in Table 3.4. and experimental
data, for the Fe(III)/Os/H,Oy/hv/pH 3 system, application of equation (3.43) leads
to the following conclusions: during the first seconds of reaction, the main
contribution to the mineralization process corresponds to the photo-Fenton
reaction. This is because, at the start of reaction, hydrogen peroxide is at its highest
concentration and ozone concentration is low. Some minutes later, because of the
ozone accumulation and hydrogen peroxide partial consumption, the %RI of
ozone-involving mechanisms increases. Therefore, contribution of ozone processes
to mineralization increases with the increasing reaction time, accounting for 72%
of mineralization after 5 min reaction and for 98% after 1 hour.

Table 3.4. Apparent mineralization rate constants®

System Rate constant

hv kyv=0"

Fe(III)/hv/pH 3 kr°=0"
Fe(I11)/H,0,/hv/pH 3 ko' =4.34x10°

TiO,/hv/pH 7 K Uvcat = 4.68%x107 °

O4/pH 3 kr = 8.55x107
Os/hv/pH 3 ki =2.19x10°
Fe(I11)/O5/hv/pH 3 k¢ =2.20x10°
Fe(I11)/O3/H,0,/hv/pH 3 ki€ =2.96x10°
O+/pH 7 ket = 7.39x10?
O+/hv/pH 7 ki =1.13x10*
Ti0,/Os/hv/pH 7 ki =1.30x10*

“Units are L mol 'min"" unless indicated. ®min”'. “From equation (3.27). “From equation
(3.29). °From equation (3.42). "From equation (3.38). From equation (3.39).
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3.5. Conclusions

The following conclusions were reached in this work:

= Solar photolysis and photocatalytic oxidation using Fe(IlI) are not effective for
the complete removal of the selected contaminants. However, the use of H,O,
enhances their degradation rates and mineralization.

= Although the application of single ozonation can lead to the complete removal
of the ECs, it does not lead to a significant mineralization. On the other hand,
the application of ozonation and solar irradiation leads to an improvement of the
mineralization degree.
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= The joint application of ozonation and photocatalysis has a synergistic effect,
which is shown by the increases in the initial degradation and mineralization
rates and the decrease in the 0zone consumption.

= In the ozone-based AOPs systems, ECs mineralization takes place in the slow
kinetic regime, which means that the indirect oxidation by hydroxyl radical is
an important contribution to the overall degradation process.

= The adjustment of experimental data to apparent pseudo-first order reaction

models allows TOC conversion kinetics to be simulated for the AOPs applied.
Also, contribution of 0zone processes to mineralization can also be estimated.

3.6. Supplementary information
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Figure 3.52. Evolution of the accumulated UV dose with time for the solar systems applied
in this work. Experimental conditions: Mixture of six ECs (1075 mol L! each), Creamy =
2.79 mg L', H,0,/Fe(IlI) = 6.09 (mass), C,,,, =200 mg L™, Q,=0.67 L min', Cos, = 13
mg L', average incident UVA solar radiation 41.2 W m 2. Symbols: hv (@), Fe(Ill)/hv/pH
3 (), Fe(lll)/H,Oxyhv/pH 3 (® ), Os/hv/pH 3 (®), Fe(lll)/Os/hv/pH 3 (M),
Fe(111)/H,0,/O3/hv/pH 3 (&), TiOo/hv/pH 7 (&), Os/hv/pH 7 (%), TiO,/Os/hv/pH 7 ().
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Figure 3.S3. Dimensionless normalized concentration of ECs (Cgc/Cgco) with time.
Experimental conditions: Mixture of six ECs (10> mol L™ each), Cgeany = 2.79 mg L',

H,0,/Fe(I1I) = 6.09 (mass), C

TiO2

=200mg L', Q,=0.67 L min', Co3o=13mgL™", Co =

79 mg L', Csos = 107 mg L', Ccos =270 mg L', Cyos =55 mg L', Cpos = 6 mg L.
Symbols: Fe(I1lI)/H,0,/Os/hv/ultrapure water/pH 3 (2), Fe(Ill)/H,0,/Os/hv/presence of
ionic species/pH 3 (M), TiO,/Os/hv/ultrapure water/pH 7 (¢), TiO,/Os/hv/presence of ionic

species/pH 7 (O).
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Figure 3.S4. Evolution of the normalized TOC content vs. UV dose for the systems.
Experimental conditions: Mixture of six ECs (10> mol L™ each), Cgeauy = 2.79 mg L',
H,0,/Fe(Ill) = 6.09 (mass), C,,,, =200 mg L™, Q;=0.67 Lmin"', Co3, =13 mg L™, C¢i =
79mg L', Csos =107 mg L™, Cco3 =270 mg L', Cnos =55mg L', Cpos =6 mg L.
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Figure 3.S5. Evolution of the accumulated UV dose with time for the systems shown in Fig
4.S4. Experimental conditions: Mixture of six ECs ( 10° mol L' each), Creany = 2.79 mg
L', H,Oy/Fe(ll) = 6.09 (mass), C,,, =200 mg L™, Q, = 0.67 L min ', Cozz = 13 mg L',
Ca=79mgL", Cso4=107mg L™, Cco3 =270 mg L', Cxos =55 mg L', Cpos =6 mg L~
!, Symbols: Fe(II)/H,0,/Os/hv/ultrapure water/pH 3 (2), Fe(III)/H,0,/Os/hv/presence of
ionic species/pH 3 (H), TiO,/Os/hv/ultrapure water/pH 7 (), TiO,/Os/hv/presence of ionic
species/pH 7 (O).
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4.1. Abstract

Ozonation, solar photocatalytic oxidation and a combination of both systems,
known as solar photocatalytic ozonation, has been studied to treat a secondary
effluent from a municipal wastewater treatment plant containing a selection of six
emerging contaminants (acetaminophen, antipyrine, bisphenol A, caffeine,
metoprolol and testosterone). Fe(Ill), Fenton reagent and TiO, were used in
photocatalytic experiments, which were conducted in a pilot-scale compound
parabolic collector photo-reactor using solar radiation as energy source. Emerging
contaminants were completely removed by most of the solar photocatalytic
treatments applied, showing the ozone-based systems at pH 3 higher reaction rates
than other solar photocatalytic oxidation systems. However, the organic matter
mineralization level achieved was limited (< 35% TOC removal) even after the
application of solar photocatalytic ozonation, for which an enhanced generation of
hydroxyl radicals was measured in experiments carried out in the presence of the
hydroxyl radical probe p-chlorobenzoic acid. Daphnia Magna bioassays were used
to test toxicity of samples before and after their treatment, showing that samples
subjected to solar photocatalytic ozonation were less toxic than the mixture of
emerging contaminants in the secondary effluent. Finally, a simplified estimation
of operating costs shows some solar photocatalytic ozonation processes
advantageous over the solar photo-Fenton system.

Keywords: Domestic wastewater, emerging contaminant, solar photocatalytic
ozonation, toxicity.
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4.2, Introduction

The development of advanced analytical techniques has allowed the detection of
emerging contaminants (ECs) in aquatic environments revealing a worldwide issue
[1]. Many of these compounds, which are incorporated into the sewage system
through domestic and industrial drains, have been found to be recalcitrant to the
biological and physicochemical processes typically applied in wastewater treatment
plants (WWTP). As a result, they remain in treated wastewaters being discharged
into natural waters bodies (rivers, lakes, seas and streams) [1,2].

The EC group includes a wide variety of compounds such as pharmaceuticals,
personal care products, hormones, industrial additives and household chemicals.
Usually, their metabolites and degradation products are also included in this
category of pollutants [2]. Most of the ECs are bio-accumulative, have endocrine
disrupting effects and can cause health and mutagenic effects on living beings that
benefit from aquatic systems [3,4].
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This situation is leading to stringent regulations on wastewater management [3,5],
though most of the ECs are not yet regulated [6]. Advanced oxidation processes
(AOPs) can be considered as potential effective alternatives for the treatment of
ECs in water. This is so because AOPs, characterized by the generation of short-
life reactive species such as the hydroxyl radical (OH), can completely degrade a
wide range of water contaminants, transforming them into less harmful species.
Since the application of AOPs to treat wastewaters leads to better quality effluents,
wastewater recycling can be considered as a management option [7].

Currently, ozonation processes are applied in wastewater treatment as disinfectant,
oxidant of organic pollutants and pre or post—treatment of other unit operations (as
coagulation, flocculation, biological oxidation, etc) [8]. However, its use implies
high operating costs due to ozone production. Moreover, although ozone itself can
remove most of the organic compounds present in domestic wastewaters, due to its
selective nature, it is not usually able to mineralize them, remaining ozonation by-
products in the effluents. If combined with other agents, such as UV light and/or
catalysts, significant improvements in the level of organic matter mineralization
and the efficiency on the use of ozone can be achieved. Such enhancements were
observed in a previous work where a first approach to the application, at pilot-
scale, of solar photocatalytic ozonation assisted by Fe(Ill), Fe(IlI)/H,0, and TiO,
to remove selected ECs from water was carried out [9]. As part of our continuing
work on solar photocatalytic ozonation, here the treatment method has been applied
to degrade ECs in a secondary effluent from a municipal WWTP. The use of solar
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radiation instead of UV lamps may drastically reduce the operating cost associated
with the treatment system [10].

4.3. Materials and methods

4.3.1. Secondary effluent samples

First, secondary effluent samples from a municipal WWTP (Badajoz, Spain) were
collected and their pH was lowered to 3 by adding concentrated hydrochloric acid
solution while bubbling air to remove their carbonate and bicarbonate content,
which have been found to be detrimental for the efficiency of AOPs since these
species can scavenge hydroxyl radicals [11]. The main characteristics of the
secondary effluent samples after this pretreatment are summarized in Table 4.1.

Table 4.1. Main characteristics of the secondary effluent samples used in this work (after
pH adjustment treatment)
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Parameter Value
Inorganic carbon (mg L™ 0.3£0.2
Total organic carbon (mg L) 20.0 £2.1
pH 3.0£0.1
BOD;s (mg L") 10+3
COD (mgL™) 58.6+3.5
Turbidity (NTU) 7.8+1.1
Conductivity (uS cm™) 1330+ 9
PO, (mgL™) 104+1.0
SO (mgL™) 63.6+0.5
Ccr 294.7+£4.6
NH, (mgL™) 25406
NO; (mgL™) 57408

Acetaminophen (ACE), antipyrine (ANT), bisphenol A (BIS), caffeine (CAF),
metoprolol (MET) and testosterone (TST), purchased from Sigma—Aldrich and
used as received, were the ECs selected as target compounds for this work.
Secondary effluent samples were spiked with 200 pg L™ of each compound.
Additionally, p-chlorobenzoic acid (pCBA, Merck) was used as hydroxyl radical
probe compound in some experiments. The chemical structures of all these
compounds are shown in Figure 4.1.
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Figure 4.1. Chemical structures of the chemical compounds used in this work

4.3.2. Experimental set-up and procedure
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Experiments were conducted at ambient temperature in a pilot—scale solar plant
located in Badajoz, Spain (38°52'43" N, 6°58'15" W). The solar plant consists
mainly of an air compressor (Pintuc Extreme 3), an ozone generator (OZVa 1200E,
ProMinent) and a compound parabolic collector (CPC, Ecosystem-Environmental
Services S.A.) operated in semi-batch mode. Additionally, the plant was equipped
with measurement devices (e.g., ozone analyzers) and controllers as shown in
Figure 4.2. Thus, the CPC inlet gas stream is regulated by a precision gas flow
controller (MC-10SLPM-D, Alicat Scientific) while two ozone analyzers (GM-
6000-RTI and GM-6000-PRO, Anseros) were used to monitor the ozone
concentration in the inlet and outlet gas streams, respectively.

The CPC used as photo-reactor consisted of four borosilicate-glass tubes (32 mm
external diameter, 1.4 mm thickness, 750 mm length, ~90% transmittance)
connected in series (total irradiated volume of 1.8 L) reflected by involute-type
mirrors (320 G electropolished aluminum, 0.25 m” reflection surface ), which were
mounted on a fixed platform tilted 45°. The reactor also had two ports for inlet and
outlet of gas, a reservoir tank of 7 L total capacity and connecting tubing and
valves. The pH of the aqueous solution in the tank was automatically controlled at
set-point values (i.e., 3 or 7) by an in-line pH control system provided with
WP1000-P1/854-J4-C Welco pumps to feed hydrochloric acid or sodium
hydroxide solutions to the system. The photo-reactor was also equipped with a Pt—
100 probe and a broadband UV radiometer (Acadus 85-PLS) to record
continuously the temperature and the incident UV radiation (A < 400 nm),
respectively.
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Radiation data were acquired as instantaneous and accumulated UV energy
(Proasis DCS-Win 3.55 software, Design Instruments S.A.). In a typical
experiment, the photo-reactor reservoir tank was first loaded with 5 L of the
secondary effluent containing a mixture of ECs and the required amount of catalyst
(Fe(II) or TiO,) was added afterwards. Initial concentrations of catalysts were as
follows: 2.8 mg L' of Fe(Ill) as iron(Il) perchlorate hydrate (Sigma—Aldrich)
or 200 mg L' of TiO, Aeroxide ® P25 (Evonik Industries). After adding the
catalyst, the solution was recirculated through the CPC by a centrifugal pump at a
flow rate of 8.7 L min™' so that the flux pattern inside the tubes was turbulent (Re >
7500). The CPC tubes were kept covered to avoid sunlight illumination for the first
30 min of each experiment (dark stage). This time was used for homogenization
porpuses and it was enough to reach the adsorption equilibria of ECs onto TiO, (if
used). After that, the CPC was uncovered and a continuous gas flow (0.67 L min™"
flow rate) was supplied to the reactor. Also, if needed, hydrogen peroxide
(Panreac) was added at this point to the CPC system. The gas stream entering the
CPC tube was either air or an ozone-air mixture (c.a. 13 mg L' ozone).
Experiments lasted 5 hours plus the 30 min of the dark stage. During the whole
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course of the experiment liquid samples were withdrawn from the reactor at
intervals through a sampling port to determine the EC concentration, total
organic carbon (TOC), and the concentrations of hydrogen peroxide, ozone and
iron. Also, the concentration of phenolic compounds was analyzed in some
liquid samples. In addition, biodegradability (i.e. the ratio between the 5-day
biochemical oxygen demand and the chemical oxygen demand, BODs/COD
ratio) and ecotoxicity (Daphnia Magna assay) was measured in selected samples.

4.3.3. Analytical methods

Samples taken during the course of experiments using ozone were immediately
bubbled with helium to remove residual ozone. Likewise, excess hydrogen
peroxide in samples was quenched by adding an aliquot of concentrated sodium
thiosulfate solution. These procedures, which did not alter the organic content of
the samples, avoided further ozone and/or hydrogen peroxide reactions while
samples were kept before ECs and other organic content analyses. Prior to analysis,
the samples were filtered through a 0.45 um PET filtering membrane (Chromafil
Xtra). Samples used in ecotoxicity tests were withdrawn from the photo-reactor,
bubbled with helium if ozone was used, mixed with catalase solution (0.1 g-L™
bovine liver, 3390 units mg' solid, Sigma—Aldrich) to eliminate the residual H,0,,
neutralized and filtered through a 0.45 pm cellulose nitrate filtering membrane
(Sartorius Stedim) before analysis. Samples used to analyze the dissolved ozone
concentration were withdrawn from the reactor and, without any further
pretreatment, analyzed immediately by the indigo method [12].
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An Agilent 1100 Series HPLC (Hewlett Packard) equipped with a Kromasil C18
column (5 pm particle size, 150 mm length, 4 mm diameter, Teknokroma) as
stationary phase was used to measure compounds concentration. A binary mixture
of acetonitrile and 0.1% v/v phosphoric acid aqueous solution was used as mobile
phase. ANT, CAF and MET were analyzed at 240, 275 and 225 nm detection
wavelength respectively, using a 15% acetonitrile mobile phase eluted at 0.65 mL
min'. BIS, TST and pCBA were analyzed at 220 and 250 nm (for the latter two)
with a 50% acetonitrile mobile phase at 1 mL min'. ACE was analyzed with a
15% acetonitrile mobile phase at 1 mL min ' and 244 nm as detection wavelength.
A Shimadzu TOC-Vgcy analyzer equipped with an infrared detector was used to
measure the total, inorganic and organic carbon content. An ion chromatography
apparatus (881 compact IC pro, Metrohm) equipped with a Metrosep A Supp 7
column (150 mm length, 4 mm diameter) was used to measure phosphate, sulfate,
nitrate, chloride and ammonium in the secondary effluent samples. Hydrogen
peroxide was measured by the Eisenberg method [13]. Total phenolic content in
solution was determined by the method proposed by Singleton and Rossi [14] and
expressed as mg BIS L. Dissolved Fe(Il) was measured as indicated by Zuo [15].
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COD was measured by the dichromate method using the Lange cuvette test while
the BODs was determined measuring the oxygen consumed during a 5-day
incubation period [16] using ST-OxiTop ® devices. Acute toxicity tests were
conducted with Daphtoxkit F™ magna toxicity test kits (MicroBioTests) using
water flea Daphnia Magna according to OECD Guidelines [17]). pH, conductivity
and turbidity of samples were measured using a GLP 21+ pHmeter (Crison), a 524
conductivity meter (Crison) and a HI 93414 turbidity meter (Hanna Instruments),
respectively.

4.4, Results and discussion

4.4.1. ECs depletion and TOC removal

Samples of the MWWTP secondary effluent containing a mixture of the six above-
mentioned ECs were subjected to the following treatments at pH 3: single
photolysis (exposure to sunlight without reagents and/or catalyst), ozonation in the
dark (Os), photolytic ozonation (Os/light), Fe(Ill)-based photocatalytic oxidation
(Fe(III)/O4/light), Fe(Ill)-based photocatalytic ozonation (Fe(IIl)/Os/light), photo-
Fenton (Fe(Ill)/H,0,/O,/light) and photo-Fenton-based photocatalytic ozonation
(Fe(III)/H,0,/05/light). For comparison purposes, also TiO,-based photocatalytic
oxidation (TiO,/O,/light), TiO, photocatalytic ozonation (TiO,/Os/light) and
ozonation (O;) processes were applied at pH 7.
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Single photolysis was not able to degrade the ECs. Thus, only TST was removed to
some extent by single photolysis (34% removal after 5h irradiation, which meant
33 kJ L' UV radiation supplied). Fe(III) photocatalytic oxidation experiments
only led to EC removal percentages between 26% (ANT) and 43% (TST) after 5 h
treatment (39 kJ L' UV radiation dose). However, complete removal of ECs was
achieved in photo-Fenton experiments in less than 90 min reaction time (8 kJ-L™
UV radiation dose) and in single ozonation experiments at pH 3 and 7 in about 25
min (c.a. 28 mg O; L") and 45 min (c.a. 100 mg O; L), respectively. Moreover,
systems involving ozone and solar radiation (i.e. Os/light, Fe(Il)/O;/light and
Fe(III)/H,0,/05/light) where able to eliminate, at pH 3, the ECs faster (20-30 min)
and with UV doses lower than 6 kJ L™'. Among them, the Fe(III)/H,0,/O5/light
system was observed to be the most efficient, leading to complete removal of ECs
with UV radiation and ozone doses of about 2 kJ L™ and 19 mg L™, respectively.
TiO, photocatalytic experiments, carried out at pH 7, also led to the complete
disappearance of the ECs but they required higher UV radiation doses than photo-
Fenton and photocatalytic ozonation experiments performed at pH 3. Thus, TiO,
photocatalytic oxidation experiments (TiO,/O,/light) absorbed about 15.7 kJ L' of
UV radiation (c.a. 2 h of irradiation) to eliminate the parent ECs while in TiOy/Os/light
experiments the consumptions of UV light and ozone were about 12 kJ L' and 37
mg L', respectively (c.a. 40 min of simultaneous irradiation and ozonation).
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Figure 4.3. shows a comparison of the efficiency of some of the solar treatment
systems applied in this work in terms of the use of radiation to remove the selected
ECs. The delivered UV radiation per volume unit, Quv,, as represented in Figure
4.3. was computed using the equation (4.1) [18]:

— A
QUV,n = QUV,n—l +(tn _tn—l)U\/G’n V (41)

where t, is elapsed irradiation time until sample n, U_VG,n is the average incident
UV radiation in the period t,; — t,, V is the total reaction volume and A is the
illuminated reactor surface. As it can be seen in Figure 4.3., the treatment systems
involving ozone were the most efficient in removing the selected ECs while the
Fe(I1I)/O2/light system was the one that required the highest UV radiation dose to
remove the ECs. Also, it is apparent from Figure 4.3. that, in all cases, the ECs
depletion profiles followed a pseudo first-order kinetics with respect to the UV
radiation dose. Accordingly, equation (4.2) was found to be satisfactory fulfilled:

>C
ln(FEC’O] =k Quy (4.2)
EC
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Figure 4.3. Plot of XCgcso/ZCrcs against the UV radiation dose (Quy) for some
experiments. Experimental conditions: EC concentration = 200 pg L', each; Applied ozone
=520 mg h™'; Creanyo = 2.8 mg L™'; Initial H,O,/Fe(I1l) mass ratio = 6.1; C,, ; = 200 mg

L. Symbols: (©) Oy/light/pH 3, (O) Fe(Il)/O,/light/pH 3, (<) Fe(I1)/O4/light/pH 3, (3)
Fe(II1)/H,O,/0,/light/pH 3, (A) Fe(Ill)/H,0,/Os/light/pH 3, (A)TiO,/O,/light/pH 7, (@)
Ti0,/O4/light/pH 7. Lines: linear regression (R* > 0.96)

The value of the pseudo-first order reaction rate constant, kyy, was used to estimate
the time required to remove 99% of the initial concentration of ECs (tg) at a given

average incident UV irradiation (WG ). Thus equatiuon (4.3) was applied.

_In(100) Vv

t., = —
% kyy UVe A

(4.3)

where A and V are the reactor irradiation area and the reaction volume,
respectively. Experimental data from single ozonation experiments, carried out in
absence of radiation, were satisfactorily fitted to equation (4.4):

2C
In| —=2 | =kt (4.4)
2C
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where k is the apparent pseudo first order rate constant for total ECs depletion and t
is the irradiation time. In accordance with this, tog was estimated by the expression
(4.5):

In (100
to, :—n(k ) (4.5)

Table 4.2. shows the values of the pseudo first-order rate constants for the
various treatment systems derived from experimental data (for conditions see
the legend of Figure 4.3.) and t99 values computed either by equation (4.3)
considering an average incident UV irradiation of 30 W-m ™, which is the typical
average UV flux in a sunny day [18] or by equation (4.5).

i Table 4.2. Pseudo first-order rate constants and estimated depletion time for 99% total EC
‘% concentration removal for the AOPs studied in this work
&
System applied kyy (LkI ) ork (min ") ®  too (min)
Os/light/pH 3 1.438% 36°
Fe(1I1)/Oy/light/pH 3 0.0212 2344°
Fe(III)/O4/light/pH 3 1.476% 35°
Fe(111)/H,O,/O,/light/pH 3 0.325% 158°
Fe(IIT)/H,0,/05/light/pH 3 1.5012 34¢
Ti0,/O,/light/pH 7 0.258? 198°
TiO,/O;/light/pH 7 0.975% 60°
Os/pH 3 0.110° 42¢
Oy/pH 7 0.069° 67

* Calculated by equation (4.2); ° Calculated by equation (4.4); ¢ Calculated by equation
(4.3), assuming UV =30 W m 2, V=>5Land A =0.25 m% ¢ Calculated by equation (4.5)

As far as TOC removal is concerned, Figure 4.4. shows, for selected experiments,
the evolution of TOC conversion as a function of the UV energy supplied. It should
be mentioned here that the overall TOC in the wastewater samples subjected to
treatment was composed of TOC from occurring compounds in the secondary
effluent (average TOC =20 mg L") and TOC from added ECs (TOC =0.83 mg L™").
Accordingly, about 96% of TOC in the samples to be treated was due to the
organics present in the MWWTP secondary effluent.
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Figure 4.4. TOC removal vs UV energy dose for some experiments. Experimental
conditions: EC concentration= 200 pg L', each; Applied ozone = 520 mg h™'; Crem,o = 2.8
mg L™'; Initial H,0,/Fe/(I1T) mass ratio = 6.1; Criono =200 mg L.

As it can be observed in Figure 4.4., TOC removal was far from being complete
(<35% TOC removal) in any of the experiments carried out despite the high
average incident radiation, which was ranged between 35 and 46 W m~” (i.e.,
cumulative UV radiation dose in 5-h experiments was higher than 30 kJ L™).
Nevertheless, it should be mentioned that COD removals (up to 70%) were greater
than TOC removals in all cases. Thus, the COD/TOC ratio decreased from the
initial value of about 3 to final values of 1.5-2, suggesting that the oxidation
progressed to yield organic products which were recalcitrant and, therefore,
difficult to degrade. Under the experimental conditions applied in this work, low
TOC removal (< 5%) was observed after the application of ozonation in the dark
(O3), both at pH 3 and 7, and the Fe(III)/Oy/light (pH 3) system (results not shown).
Photocatalytic ozonation systems (i.e., Fe(IlI)/Os/light and Fe(II1)/H,0,/O5/light)
at pH 3, however, were much more effective leading to 20-35% TOC conversion
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(see Figure 4.4.). In TiO, photocatalytic experiments (pH 7), it was observed an
initial period where the TOC removal negligible followed by a period of higher
TOC conversion up to reach 8% (TiO,/O,/light) and 20% (TiO,/O5/light) removals
after the 5-h treatment. The induction period in TiO, catalytic systems could be
ascribed to the formation of agglomerates catalyst crystallites or to the adsorption
of some inorganic ions on the catalyst surface [19].

For comparative purposes, TOC experimental data were fitted to a first—order
kinetic equation. Figure 4.5. shows the apparent first order rate constant, kroc apps
computed for the different systems applied as well as the average incident radiation
measured during each experiment.
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Figure 4.5. Apparent mineralization rate constant and average incident radiation for some
experiments. Experimental conditions: EC concentration= 200 pg L™, each; Applied ozone
=520 mg h™'; Cpoquo = 2.8 mg L™'; Initial H,O,/Fe/(IIT) mass ratio = 6.1; C..., =200 mg L ",

Ti02,0

As it can be deduced from Figure 4.5., the mineralization (i.e., TOC remowval) rate
constants followed the order: Fe(Il1)/H,0,/Os/light (pH 3) > Fe(Il1)/O5/light (pH 3)
> Fe(IlI)/H,0,/0x/light (pH 3) > TiO,/Os/light (pH 7) > Ti0,/Oy/light (pH 7).
Single ozonation (pH 3 and 7), single photolysis (pH 3) and Fe(I11)/O,/light (pH 3)
experiments led to very low values of krocapp (< 5x107* min’l) as limited TOC
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removal (<5%) was observed after the 5-h experiments. The Fe(III)/H,0,/Os/light
system, which showed the highest mineralization rate constant, was also the most
efficient system in terms of use of energy (7.5 kJ per mg of TOC removed).
Fe(IlI)/Os/light (pH 3) and TiO,/Os/light (pH 7) experiments showed similar
energy efficiencies, ranging between 14.5 and 16.8 kJ per mg of TOC removed.
Accordingly, these systems led to similar mineralization degrees (19-23% TOC
removal). Photocatalytic oxidation systems such as Fe(III)/H,0,/O,/light (pH 3)
and TiO,/Oy/light (pH 7) required more UV energy to remove each mg of TOC (90
and 35 kJ-mg ', respectively) and led to lower mineralization levels (6-9% TOC
removal) than the photocatalytic ozonation systems tested.

4.4.2. Hydroxyl radical exposure

In the applied systems the depletion of the pollutants might take place mainly by
three pathways: photolysis, direct reaction with molecular ozone, and oxidation by
hydroxyl radicals. Taking into account those contributions, the degradation of each
compound can be expressed by the equation (4.6):
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In equation (4.6), Kyt is the first order rate constant for compound photolysis, kop-
ec and kos_gc are the rate constants for the reaction of each EC with the hydroxyl
radical and dissolved ozone, respectively; Cgc, Cony and Co; are the concentration
of ECs, hydroxyl radicals and ozone, respectively. After integration and variable
separation, the following expression is obtained:

C t ‘ ‘
In (%J =K o j dt + kg j Condt + ko, j Cosdt (4.7)
0 0 0

EC

where JCoy dt and [Co; dt are the corresponding hydroxyl radicals and ozone
exposures.

Hydroxyl radical exposure is thought to have a high impact on the mineralization
of organic compounds in the secondary effluent (both added ECs and naturally
occurring compounds) through the AOPs studied because direct photolysis and
single ozonation at pH 3, where low concentration of ‘OH is expected, did not lead
to significant TOC removals (< 2%).
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The hydroxyl radical exposure can be calculated using pCBA as a probe compound
[20] because of its high reactivity with "OH (koy = 5 x 10° L mol™" s™' [21]) and
negligible reactivity with ozone (kos < 0.15 L mol™' s~ [22]).In addition, aqueous
pCBA does not absorb radiation beyond 290 nm wavelength and, therefore, pCBA
does not undergo direct photolysis under solar irradiation (i.e., kphot~0).
Accordingly, the’'OH exposure can be calculated by equation (4.8):

ln { CpCBA,O J
j c gt -\ Cuenn (4.8)
OH -
0

Figure 4.6. shows the ‘OH exposure during the first minutes of experiments of
degradation of ECs in the secondary effluent in the presence of pCBA.
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Figure 4.6. Hydroxyl radical exposure during the first irradiation minutes for the some
experiments. Experimental conditions: EC concentration= 200 pg L™, each; applied ozone =

520 mg h''; Creqmyo =2.8 mg L; Initial H,O,/Fe/(1II) mass ratio =6.1; C,, =200 mg L.
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It can be seen that the ‘OH exposure increased with the UV radiation dose for
any of the system tested. For a given radiation dose, the ozone/light systems
(pH 3) led to higher "OH production than those systems carried out in the absence
of ozone. The Fe(Ill)/H,0,/O5/light (pH 3) system can be highlighted as that
leading to the highest ‘OH exposure and, as a result, the highest TOC removal
after 5-h treatment (35%).

4.4.3. Phenolic intermediates

Given the molecular structures of the selected ECs (see Figure 4.1.) as well as
those of other organic compounds typically present in MWWTP secondary
effluents, some of the primary intermediates expected to be formed during their
oxidation are phenolic compounds. Figure 4.7. shows the concentration of phenolic

compounds during the course of selected experiments. O
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Figure 4.7. Evolution of the phenolic concentration with the dose of UV radiation during
the course of some photocatalytic experiments. Experimental conditions: EC
concentration= 200 pg L’l, each; applied ozone = 520 mg ht Cream,o = 2.8 mg L; Initial
H,O,/Fe/(Il) mass ratio = 6.1; Cp,,, = 200 mg L. Symbols: (©) Oy/light/pH 3, (O)
Fe(I1)/Oy/light/pH 3, (<>) Fe(IIT)/O3/light/pH 3, (@) Fe(Ill)/H,0,/Oy/light/pH 3, (A)
Fe(IIT)/H,0,/O4/light/pH 3,(A) TiO»/Oy/light/pH 7, (@) TiO,/Os/light/pH 7.



148 | Paper 2

As can be seen, during the first minutes of reaction, an increase in the phenolic
compounds concentration was observed in Fe(Ill)/O,/light (pH 3) and
TiO,/Ox/light (pH 7) experiments, which clearly indicates that rates of formation of
these species are higher than rates of consumption. As shown in Figure 4.6., these
systems are, among the studied, those that led to the lowest hydroxyl radical
exposures and, as a consequence, showed the lowest organic matter degradation
rates. Thus, accumulation of phenolic intermediates was more pronounced during
the course of these experiments. On the other hand, photolytic ozonation and
photocatalytic ozonation systems, which led to the formation of hydroxyl radicals
to a significant extent (see Figure 4.6.), were more effective in removing the
phenolic content of samples. Thus, no accumulation of phenolic substances was
observed throughout the course of these experiments and percentages of removal
after the 5-h experiments were around 60-75% as it is apparent from Figure 4.7.
The Fe(Ill)/H,0,/Oy/light (pH 3) system was also able to remove phenolic
compounds to some extent, though no more than 30% removal was achieved after
5 hours of experiment. Finally, single ozonation systems (pH 3 and 7, not shown in
Figure 4.7) led to 45-50% removal of the initial phenolic content after 5 h of
treatment.
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4.4.4. Biodegradability measurements

The ratio BODs/COD in samples before and after the experiments was measured to
assess changes in biodegradability. It was found that samples taken after the 5-h
treatments had BODs/COD ratios ranged from 0.15 to 0.47. Since the initial
BODs/COD value was 0.17 (see Table 4.1.), it can be concluded that, in general,
the AOPs tested enhanced the biodegradability of samples. Particularly, the
Fe(IIT)/H,0,/O5/light (pH 3) system led to a 2.5-fold increase of the BODs/COD
ratio.

4.4.5. Toxicity tests

One important aspect about the application of AOPs is the possible formation of
toxic intermediates or by-products, which could be even more toxic than the
compounds initially present in the samples. Toxicity bioassays of some selected
reaction samples were assessed using acute D. Magna. For this purpose, samples
were taken from the reactor at a time when complete ECs removal was almost
achieved (i.e, to9 as defined in equations (4.3) or (4.5)) and after the 5-h
experiments. Figure 4.8. shows the results of immobilization of D. Magna after 48
hours exposure. It should be mentioned here that no data for tyy are reported for the
Fe(III)/Oy/light (pH 3) system since no complete removal of ECs could be achieved
after 5 hours of application of this treatment (see Table 4.2.).
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Figure 4.8. Toxicty towards D. magna of samples at different reaction times during the
course of some experiments. Experimental conditions: EC concentration= 200 pg L™, each;
Applied ozone = 520 mg h™'; Creamyo = 2.8 mg L"; Initial H,O,/Fe/(IIT) mass ratio = 6.1;

Crioso = 200 mg L. (*) Not measured, as toy was greater than 5 hours

The results of toxicity bioassays show an increase of toxicity after the addition of
ECs to the secondary effluent. Also, changes in sample toxicity were observed
during the course of the photocatalytic experiments. As a rule, toxicity of samples
increased at the beginning of the photocatalytic treatment, likely as a result of the
accumulation of phenolic and other toxic intermediates and then decreased. This
result is in agreement with that reported for the removal of other ECs by ozonation
and solar photocatalytic ozonation with TiO, [23,24]. Toxicity removal below the
baseline level (i.e., 25% inhibition) was only observed when a large degree of TOC
removal (i.e., mineralization) was achieved. This applies especially for the
Fe(II)/Os/light/pH 3 and Fe(II1)/H,0,/05/light/pH 3 photocatalytic ozonation
systems.
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4.4.6. Influence of the H,0;/Fe(III) ratio

The Fe(IlI)/H,0,/O5/light treatment at pH 3 has been proved so far as a good
choice for the treatment of the secondary effluent contaminated with the ECs, as
complete removal of ECs, high mineralization of organic matter (i.e., 35 % TOC
removal) and great removal of phenolic compounds (i.e., 71 % removal) was
achieved after 5 h of treatment (i.e., 38.7 kJ L' radiation dose). In addition, the
effluent from the treatment did not show toxicity towards D. Magna (i.e., < 5%
inhibition) and presented a favourable BDOs/COD ratio. A key parameter of the
process performance and the process efficiency for this AOP is the H,O,/Fe(II)
ratio. To study the effect of this variable a series of experiments were carried out at
varying mass ratios in the range 6.1-18.3. Following results of Table 4.3., where
some process performance parameters are presented, the best H,O,/Fe(Ill) mass
ratio, in the range considered here, was 12.2. Although, the greater H,O,/Fe(Ill)
ratio the faster EC removal observed (i.e., lower toy) the TOC removal rate was the
highest when applying 12.2 H,0,/Fe(Ill) mass ratio. The lower TOC removal rate
obtained at the highest H,O,/Fe(IlI) mass ratio compared to the optimum is likely
to be a consequence of the hydroxyl radical scavenger character of hydrogen
peroxide.
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Table 4.3. Evaluation of the effect of the H,O,/Fe(IIl) ratio on the performance of the
Fe(I11)/H,0,/0O5/light treatment at pH 3

H,0,/Fe(11I) mass ratio 6.1 12.2 18.3
kroc x 10° (min") 3.01 3.32 2.58
% TOC removal 35 42.6 39.6
% Phenolic compounds removal 70.8 75.4 73.1
radiation dose (kJ-L™) 38.7 24.3 28.6
too (mMin) 34 22 18

Experimental conditions: EC concentration= 200 pug L™, each; applied ozone = 520 mg h™';
Creano = 2.8 mg L_l; overall radiation dose ~30 kJ L™!; treatment time = 5 h.

4.4.7. Simplified comparison of operating costs

Operating an efficient and cost-effective treatment process is the goal of every
successful MWWTP. Therefore, before process development and scale-up
economic analysis must be considered. In this work a simplified economic
comparison of operating costs associated with the investigated treatment process is
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presented. The economic analysis accounts for the cost of the main reagents and/or
catalysts used (i.e., iron(IIl), hydrogen peroxide and titanium dioxide) according to
vendors (Proquiman and Quimidroga, Spain) as well as that of the electricity (Red
Eléctrica de Espafia, Spain) to power the air compressor, the ozone generator and
the CPC reactor of the pilot-plant used in this work. Pre-treatment costs (e.g., pH
adjustment) have not been accounted for. As basis for the evaluation, experimental
conditions used throughout this investigation have been considered. Also, two
criteria have been used: (1) operating costs to reach complete removal of ECs; (2)
operating costs to remove 20% of the TOC of the secondary effluent. Results are
shown, as relative cost, in Table 4.4. Relative cost of the solar photo-Fenton
process has been set as 1 as this is, so far, the best known solar photoctalalytic
treatment process. Recently, Duran et al. [25] estimated an operating cost of 1.56 €
m™ for the treatment of a secondary effluent from a MWWTP contaminated with
antipyrine by a solar poto-Fenton method at semi-industrial scale.

Table 4.4. Estimated relative operating costs of the AOPs studied at pilot-plant scale
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Relative cost

Treatment system Objective: Objective:
Complete EC removal 20% TOC removal

Os/light/pH 3 0.32 0.62

Fe(IIT)/O4/light/pH 3 0.32 0.46

Fe(I1T)/H,0y/light/pH 3 1.00 1.00
Fe(I11)/O4/light/pH 3 14.28 *
Os/pH 3 0.38 *

Fe(1I1)/H,0,/O5/light/pH 3 0.35 0.44

TiOy/light/pH 7 2.57 1.92

TiO,/O;/light/pH 7 1.88 1.25

Notes: Fe(Il)/H,0,/Oy/light has been chosen as reference system (relative cost = 1);
Experimental conditions as indicated in Figure 4.3.

(*) Not calculated, as very low mineralization (<2.5%) was achieved in 5 hours by the
treatment method at the conditions applied.

From the results of Table 4.4. it is apparent that the systems which involve the use
of ozone, except the TiO,/Os/light (pH 7) system, are the most economic choices
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when the goal is just the 99% removal of the ECs with relative costs ranging from
0.32 to 0.38. On the other hand, the operating cost of the Fe(IIl)/O,/light/pH 3
system is the highest due to the long treatment time needed to remove the ECs (see
Table 4.2.). If the treatment goal is also to remove TOC to some extent (i.e., 20%
TOC removal) the solar photocatalytic ozonation systems using iron or iron and
H,0; have the lowest operating costs while the use of TiO, as catalyst increases
significantly the cost due to the expensiveness of this material.

4.5. Conclusions

From the results of this study, it can be concluded that iron-mediated solar
photocatalytic ozonation can be a suitable method to degrade ECs in secondary
effluents from MWWTPs. The ECs used in this investigation (acetaminophen,
antipyrine, bisphenol A, caffeine, metoprolol and testosterone) were easily
removed by ozone but the organic matter in the effluent was difficult to mineralize
(TOC removal < 35%) at the experimental conditions applied. In any case, solar
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photocatalytic ozonation processes were shown to be more efficient than single
ozonation and single photocatalytic oxidation systems in terms of TOC removal
due to an enhanced generation of hydroxyl radicals. Treated effluents after the
application of solar photocatalytic ozonation showed low toxicity towards D.
Magna and higher biodegradability than the non-treated secondary effluent.
Finally, a simplified estimation of operating costs reveals that some solar
photocatalytic ~ ozonation  processes (e.g., Fe(Ill)/Os/light/pH 3  and
Fe(I11)/H,0,/05/light/pH 3) can be cheaper than the solar photo-Fenton system.
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5.1. Abstract

A magnetically separable photocatalyst consisting of magnetic porous activated
carbon with attached anatase TiO, particles has been prepared and tested for the
degradation of metoprolol (MTP) in aqueous solution. The synthesized
photocatalyst (TiFeC) was characterized by nitrogen adsorption, XRD, FTIR,
SEM, EDX and SQUID magnetometer. The obtained catalyst with a TiO,
composition of 61 wt% (mostly anatase) had moderate surface area (BET surface
of 331 m* g'') and volume of micropores and exhibited magnetic properties with
saturation magnetization of 1.6 emu g ' and neither remanent magnetization nor
coercivity. The photocatalytic activity of TiFeC samples was tested by degrading
MTP by simulated solar photocatalytic ozonation. The results were compared to
those obtained with a commercial titania (Degussa P25) and by photolytic
ozonation (i.e., absence of catalyst). Complete MTP removal and more than 60%
TOC conversion were achieved after 3h of photocatalytic ozonation of an aqueous
solution containing as much as 50 mg L' MTP initial concentration. The
reusability and stability of the catalyst were tested through a series of five
photocatalytic ozonation experiments. Minor amounts of iron and titanium were
leached out from the catalyst and the catalytic activity decreased to a very low
extent with the reuse of the catalyst.

Keywords: Magnetic catalyst, ozone, pharmaceuticals, solar photocatalysis, water
treatment.
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5.2. Introduction

Solar photocatalytic detoxification of water and wastewater is an emerging area of
research and commercial development as it may be considered as one of the most
cost effective treatment technologies in regions of high incoming solar radiation
[1,2]. Solar photocatalytic detoxification is a relatively new clean technology to
remove toxic and persistent pollutants in water and wastewater by focusing
sunlight onto a reactor through which the contaminated water is flowing in the
presence of a catalyst. Among candidates for solar photocatalysis, TiO, in the form
of anatase is the most suitable material for industrial use at present because it is a
non-toxic material with high chemical stability, low cost and high oxidation power.
It is a semiconductor with a band gap of about 3.2 eV allowing absorption of UV
light with wavelengths below 387.5 nm (about 5% of solar spectrum) to generate
electron-hole pairs (e cg/h’vg) on the catalyst surface. Electron-hole pairs, in turn,
trigger a series of reactions generating free-radicals (mainly hydroxyl radicals,
‘OH), which are very efficient non-selective oxidizers of water pollutants, both
chemical compounds and microorganisms (disinfection). Solar TiO, photocatalysis
is receiving great attention for water and wastewater remediation and it has been
extensively investigated for the removal of organic recalcitrant pollutants as for
example, pharmaceuticals [3-6], dyes [7] or pesticides [8] as well as to inactivate
pathogenic microorganisms such as Escherichia coli [9].
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Given the concern over the risk posed by the presence of pharmaceutical
compounds in water bodies, and hence the possible impacts on public health and
aquatic ecosystems a great deal of research is being carried out on technologies for
the removal of these compounds [10-12]. In general, pharmaceutical compounds
are hardly biodegradable so they are not eliminated by conventional treatment at
wastewater treatment plants (WWTPs) and, as a consequence, they are frequently
reported to be present in WWTP effluents at ng L™ and even pg L™ concentration
levels [13]. Although solar TiO, photocatalysis has been found effective for the
removal of different pharmaceutical compounds from aqueous solution, to achieve
complete mineralization long reaction times are needed because of the formation of
a number of intermediates which, frequently, are hard to degrade [2].

In this work, with the aim of enhancing process performance regarding
mineralization rate of complex organic molecules such those of pharmaceutical
compounds, solar photocatalytic ozonation has been applied. Photocatalytic
ozonation, which is the combination of TiO, photocatalysis and ozonation, is a
promising advanced oxidation technology capable of producing much larger
number of hydroxyl radicals than single ozonation or TiO, photocatalysis. In the
combined process, the recombination of electron-hole pairs on the TiO, surface is
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reduced with respect to single TiO, photocatalysis as electrons are captured by
ozone generating a new via of hydroxyl radicals formation and, therefore,
increasing the oxidation rate [14, 15]. Most of the photocatalytic ozonation studies
conducted to date make use of TiO, suspensions and UV lamps from low to high
pressure [16-18]. In spite of the great degradation rates found for the studied
pollutants, two drawbacks of the process can be considered: (1) the use of UV
lamps as a source of radiation can make the process expensive for commercial
applications; (2) the separation of TiO, catalyst in suspension after the reaction is a
major obstacle. To overcome these problems, in this work simulated solar radiation
has been used as UV light source and a TiO, magnetic activated carbon
photocatalyst has been synthesized and applied. Literature reports on the
preparation of various types of magnetic TiO, photocatalysts, which can be easily
recovered by the application of an external magnetic field [19-23]. Among them,
TiO, magnetic activated carbon catalysts have shown a high activity in the photo-
degradation of phenol and dyes [24, 25], but no study has been found on their use
in photocatalytic ozonation process.

In this work, we have prepared and characterized a TiO, magnetic activated carbon
catalyst with enhanced photocatalytic activity to mineralize complex organic
pollutants in water such as the pharmaceutical compound metoprolol tartrate
(MTP). MTP (see Figure 5.1. for structure) is a P-blocker used for several
cardiovascular diseases which has been frequently detected in surface waters and
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effluents from sewage treatment plants [26-27]. The TiO, magnetic activated
carbon catalyst has been tested in both solar photocatalysis and solar photocatalytic
ozonation and compared with the efficiency of commercial TiO, powder (Degussa
P25), which is a standard material in the field of photocatalytic reactions.
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Figure 5.1. Molecular structure of metoprolol tartrate
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5.3. Experimental section

5.3.1. Preparation of catalyst

First, a magnetically separable activated carbon (FeC) was prepared following the
method reported by Fuertes and Tartaj [28]. In a typical preparation, 10 g of a
meso-microporous activated carbon (Darco 12-20, Sigma Aldrich) were
impregnated with 8.7 mL of ferric nitrate (923 g L") in ethanol solution to obtain
about 12 wt% Fe in the final product. Once the solution was adsorbed onto the
activated carbon, the sample was dried at 90°C for 2 h. After that, it was
impregnated with 150 mmol of ethylene glycol. The impregnated activated carbon
was then transferred into an oven where it was heated in nitrogen at 350°C for 2 h.
After cooling to room temperature in nitrogen, the magnetic activated carbon
sample was milled into powder (d,<125 pm).

Titania coated magnetic activated carbon (TiFeC) was prepared by the sol-gel
method reported by Ao et. al. [24]. First, 25.5 mL of titanium (IV) butoxide (97%,
Aldrich) were diluted with 8.2 mL of isopropanol (>99%, Aldrich), and the mixture
was added dropwise to 205 mL of distilled water at pH 2 (adjusted with HNO;
65%, Panreac) under vigorous stirring. The solution was kept under stirring and
refluxed at 75°C for 24 h and, thereafter, transferred to a rotary evaporator where
excess alcohol was removed by heating at 80°C under vacuum, thus obtaining a
titania sol. Finally, 3 g of the prepared magnetic activated carbon (FeC) were
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dispersed in the titania sol and subjected to ultrasonic treatment for 1 h. After
evaporation to dryness under vacuum at 80°C on a rotary evaporator, the residue
sample was repeatedly washed with distilled water until no total organic carbon
(TOC) was detected in the supernatant and then separated from the liquid fraction
by an external magnet to select only the magnetic particles. The TiFeC catalyst
thus prepared was dried at 100°C overnight.

5.3.2. Catalyst characterization

Surface areas and pore structure of the activated carbon used as support (AC), the
magnetic activated carbon (FeC) and the TiFeC catalyst were obtained from
nitrogen adsorption-desorption isotherms at —196°C acquired with a Autosorb 1
apparatus (Quantachrome). Before measurements, the samples were outgassed at
250°C for 12 h under high vacuum (<10 Pa). The isotherms were analyzed by
BET equation and t-plot to obtain BET and external surface areas, respectively. X-
Ray diffraction (XRD) patterns were collected with a Bruker D8 Advance XRD
diffractometer with a CuK, radiation (A = 0.1541 nm). The data were collected
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from 20 = 20° to 70° at a scan rate of 0.02°-s™ and 1 s per point. FTIR spectra were
obtained on a Nicolet iS10 spectrometer using KBr wafers containing about 0.01 g
sample. Data were acquired in the wavelength range 400-4000 cm™ using 32 scans
with a resolution of 4 cm™'. The morphology of catalyst particles was characterized
by scanning electron microscopy (SEM) using a Hitachi S-4800 apparatus
working at 20-30 kV accelerating voltage and 500-2000 magnification. In addition,
the catalyst was examined by means of energy dispersive X-ray analysis (EDX) to
determine the distribution of Ti and Fe in the particles. For that purpose, a SSD
detector XFlash 5010 (Bruker), working at 5 kV accelerating voltage and 500-2000
magnification was used. The iron content of the TiFeC catalyst was analyzed by
inductively coupled plasma with an ICP-MS NexION 300D (Perkin-Elmer) after
acidic microwave digestion of the sample. The amount of TiO, on the catalyst was
estimated from the mass residue after combustion of the sample in air at 900°C,
taking into account the amount of iron on the sample. Magnetic measurements
were performed using a Quantum Design MPMS XL-7 Superconducting Quantum
Interference Device (SQUID). The magnetic moment M was measured as function
of applied magnetic field H at room temperature.

5.3.3. Photocatalytic experiments
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Photocatalytic experiments were carried out using a commercial solar simulator

(Suntest CPS, Atlas) provided with a 1500 W air cooled xenon arc lamp whose
emission was restricted to A>300 nm by means of quartz and glass cut-off filters.
The irradiation intensity was 550 W-m>. The chamber of the solar simulator was
maintained at about 30°C throughout the experiments. The experiments were
carried out in semi-batch mode using a glass-made agitated tank as reactor
provided with gas inlet, gas outlet and liquid sampling ports. Ozone was produced
in a laboratory ozone generator (Anseros Ozomat Com AD-02) from pure oxygen
and continuously fed to the reactor. In a typical photocatalytic ozonation
experiment, the reactor was loaded with 250 mL of an aqueous solution of
metoprolol tartrate (>99% Sigma) (MTP) and a given mass of catalyst. The
suspension was stirred in the dark for 30 min before switching on the lamp and
feeding ozone to the reactor. Ozone (20 L h' gas flow rate and 6 mg L
concentration) was bubbled into the solution through a diffuser placed at the
bottom of the reactor. Liquid samples were periodically withdrawn from the reactor
and filtered through a 0.2 um PTFE filter to remove photocatalyst particles prior to
analysis. In addition to photocatalytic ozonation experiments using TiFeC,
experiments of single adsorption (i.e., absence of radiation and ozone), single
ozonation (i.e., absence of radiation and catalyst), catalytic ozonation (i.e., absence
of radiation), photolytic ozonation (i.e., absence of catalyst), TiO, photocatalysis
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(i.e., absence of ozone) and photocatalytic ozonation with Degussa P25
(comparative purpose) were carried out. Also photocatalytic experiments varying
initial concentration of MTP (10-50 mg L") were completed to examine the effect
of contaminant concentration. To test the stability of the TiFeC catalyst, several
consecutive experiments were carried out recovering the catalyst particles by using
a magnet.

The concentration of MTP was analysed by high-performance liquid
chromatography (HP 1100 Series chromatograph) using a Kromasil C-18 column
(5 um, 150 mm long., 4 mm diameter) as stationary phase and 0.65 mL min ' of
15:85 acetonitrile:acidic water (0.1% phosphoric acid) as mobile phase. An UV
detector set at 225 nm was used for detection. TOC was measured using a
Shimadzu TOC-Vscy analyzer. Aqueous ozone was measured by following the
indigo method [29] using a Helios-o UV/Vis spectrophotometer set at 600 nm.
Ozone in the gas phase was continuously monitored by means of an Anseros
Ozomat GM-6000Pro analyzer. Iron and titanium in solution were analyzed by
means of inductively coupled plasma using a Perkin Elmer NexION 300D ICP-MS
apparatus.

5.4. Results and discussion
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5.4.1. Characterization of TiO, magnetic activated carbon
Table 5.1. summarizes composition, some textural parameters (BET and external
surface areas) and saturation magnetization of the prepared TiFeC catalyst, the

impregnated activated carbon (FeC) and the activated carbon used as support itself.

Table 5.1. Properties of the TiFeC catalyst and precursors

Fe TiO, Sger Sexr Vmicro Ms
(Wt%)  (Wt%) (m’gh) (m’g) (em'g) (emug’)

TiFeC 4.7 61 331 65 0.163 1.56
FeC 12.0 --- 552 61 0.253 ---
AC 3.7 - 640 51 0.299 -

It can be seen that the TiO, mass composition of the TiFeC catalyst is somewhat
lower than expected (i.e., 66 wt%) likely due to the loss of some TiO, during the
washing steps of the synthesis procedure. The amount of iron in the TiFeC catalyst,
about 5 wt%, is in good agreement with the Fe mass composition of the activated
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carbon used as support and the amount of iron added during the preparation of the
magnetically separable activated carbon (FeC).

Figure 5.2. shows the nitrogen adsorption-desorption isotherms of the activated
carbon support and the FeC and TiFeC samples. All the three samples show a
typical type I isotherm characteristic of microporous materials with high uptake at
very low relative pressures [30]. However, a drastic decrease in the volume
adsorbed at low relative pressures was produced after impregnation (FeC sample)
and TiFeC catalyst preparation. As a result, noticeable decreases in BET surface
area and micropore volume were computed (see Table 5.1.). Such a loss of internal
surface was most likely due to the blockage of some microporous as a consequence
of iron species and TiO, deposition [24]. The activated carbon used as support had
a significant external surface area which was even increased upon TiFeC
preparation likely due to the formation of new large pores (meso or macropores) by
the aggregation of titania particles on the support.
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Figure 5.2. N, adsorption-desorption isotherms of AC support, FeC and TiFeC catalyst

Figure 5.3. shows the XRD patterns of the activated carbon support and the TiFeC
catalyst. In the diffractogram of the activated carbon (AC) two broad peaks at 20 =
26° and 43° can be distinguished corresponding to characteristic graphite
diffraction peaks. The peaks width, which is characteristic of amorphous carbon
materials, together with the absence of other (hkl) peaks suggests low dimensions
of the graphitic domains. It can also be noticed the presence of a sharp diffraction
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peak at 26.6° corresponding to SiO,-quartz reflection, and others at 21.9°, 36.0° and
62.0° which are likely due to SiO,-cristoballite structures. XRD pattern of the
TiFeC sample shows the characteristic peaks of anatase at 25.4°, 38.0°, 48.0°, 54.7°
and 63.0°. From the (1 0 1) peak the anatase crystallite size was calculated to be 4.7
nm after application of the Scherrer equation. Regarding the structure of iron
species present in the catalyst, very small and wide characteristic diffraction peaks
(30.4°, 35.7°, 43.4° and 57.4°) of magnetite or maghemite can be observed. In fact,
both iron species have very similar XRD patterns so the XRD results do not allow
one to distinguish one species from another. Finally, some SiO, peaks can also be
observed in the diffractogram of TiFeC.
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G graphite
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Figure 5.3. XRD patterns of the AC support and TiFeC catalyst

Figure 5.4. shows the FTIR spectra recorded for activated carbon and TiFeC
samples. In the spectrum of activated carbon (AC), the broad band in the 3200-
3600 cm ' region can be assigned to the stretching vibration of —OH groups present
as phenolic surface groups [31]. In the TiFeC sample this band is also attributable
to TiO,-OH bonds [32, 33]. The AC sample exhibits overlapped bands in the
region 1700-1550 cm™' which are generally accepted to be due to absorption of
quinone and other carbonyl groups (-C=O structures) and stretching vibration of
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aromatic structures [31]. The broad band centred at about 1100 cm ' in the
spectrum of the activated carbon can be assigned primarily to ether structures (-C-
0-C-) [31,34]. In the TiFeC spectrum, the broad band observed at 600 cm™' can be
due to Ti-O stretching vibration and the peak at 1620 cm ' may correspond to
bending vibration of OH groups of adsorbed water [35]. The sharp peak that can be
seen at 1385 cm ' it is ascribable to the presence of nitrates (-NOs") on the catalyst
surface [36], which would had been incorporated from the iron precursor during
the synthesis of FeC. Finally, the peak located at 1085 cm™ could be assigned to
Ti-O-C structures, suggesting a conjugation effect between bulk activated carbon
and Ti-O bonds [37].
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Figure 5.4. FTIR spectra of the AC support and TiFeC catalyst

The morphology of the catalyst particles has been investigated by SEM. Figure 5.5.
(left) shows the SEM images at two different magnifications. It can be observed the
non-uniform size of the catalyst particles, which were in any case lower than 125
um. The distribution of the Fe and Ti species was analyzed by means of energy
dispersive X-ray analysis (EDX) by scanning the same area as shown in SEM
images. Mapping results are shown in Figure 5.5. (right) where yellow and red
areas correspond to Ti and Fe species, respectively. From these figures it is



166 | Paper 3

apparent a uniform distribution of iron on the catalyst particles, whereas titanium
was present in most of the particles with a less uniform concentration.
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Figure 5.5. SEM images (left) and EDX mapping (right) for the TiFeC catalyst

Figure 5.6. illustrates the magnetization curve of the TiFeC catalyst. From it the
value of saturation magnetization (Mg) was calculated to be 1.56 emu g '. This
value is similar to that reported by Ao et. al. [24]. However the saturation
magnetization expected if all the iron was as magnetite was 5.97 emu g ' taking
into account the catalyst composition (Fe 4.7 wt%) and the saturation
magnetization of bulk magnetite (92 emu g'). This fact suggests that a large
amount of the iron incorporated to the catalyst is in a form other than magnetite.
Nevertheless the catalyst could be easily separated from the solution with an
external magnet as it has been illustrated in Figure 5.7. The sample showed almost
zero coercivity and zero remanent magnetization, which indicates
superparamagnetic behaviour of the catalyst particles. Accordingly, the particles
did not aggregate being separated by a magnet and could be easily re-dispersed in
solution for reusing.
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Figure 5.6. Magnetization vs. applied magnetic field at 25° C of TiFeC catalyst (left A) and
(B) zoom of the -1000 to 1000 range.
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Figure 5.7. Illustration of the catalyst separation with a magnet

5.4.2. Photocatalytic activity
A. Photodegradation of MTP

Figure 5.8A shows the evolution of MTP dimensionless concentration with time
during the course of selected experiments. Two regions can be seen in the figure.
First, a 30 min stage designated as dark stage (absence of radiation) where only
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Figure 5.8. Variation of MTP (A) and TOC (B) dimensionless concentration with time.
Conditions: CMTP,L,O =10 mg Lil, *CTiOZ,L: 0.25 g Lil (CCAT,L =0.375 g Lil),
Q,=20L h', pHy=6.5, T=30°C, *Cozg =6 mg L' (*in the corresponding experiments).

Symbols: Il adsorption,O photocatalysis, A ozonation, < catalytic ozonation, O
photolytic ozonation, @ photocatalytic ozonation, ¥ P25-photocatalytic ozonation,
— photocatalytic ozonation corrected
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adsorption onto the catalyst took place, followed by a second stage where
adsorption and/or oxidation reactions developed. From the adsorption curve it can
be observed that about 25-30% of the MTP initially present in the aqueous solution
was adsorbed onto the TiFeC catalyst at adsorption equilibrium. Also it can be seen
that at the end of the dark stage, the concentration of MTP was close to the
adsorption equilibrium value. Photocatalytic oxidation (TiFeC in the absence of
ozone but radiation and oxygen) led to about 46% MTP removal after 2 h of
irradiation while complete MTP removal was observed after 40 min reaction time
in all the experiments when using ozone since this reacts relatively fast with MTP
(kos-mrp= 1.4x10° L™ mol s™" at pH 7 [38]). Moreover, MTP concentration profiles
were quite similar for single ozonation, catalytic ozonation and photocatalytic
ozonation, suggesting that in these experiments MTP was mainly removed through
direct ozonation reactions with little catalytic effect.

Table 5.2. shows the pseudo-first order apparent rate constant derived from Figure
5.8A. In agreement with the discussion above, it can be seen that k,,, for the
photocatalytic process (absence of ozone) was much lower than those for the
ozone-based processes.
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Table 5.2. Experimental pseudo-first order apparent rate constants for MTP depletion T
=
<
Process Kapp (min ") R’
Photocatalysis 0.005 0.97
Ozonation 0.121 0.98
Catalytic ozonation 0.110 0.98
Photolytic ozonation 0.319 0.99
Photocatalytic ozonation
(TiFeC) 0.137 0.97
Photocatalytic ozonation
(P25) 0.201 0.99

In Figure 5.8A the results of MTP degradation from a photocatalytic ozonation
experiment with Degussa P25 are also shown. It is apparent that the catalytic
activity of Degussa P25 was somewhat higher than that of the synthesized TiFeC
catalyst. Thus, the computed k., was 1.5 times higher for the P25 catalyzed
process. Surprisingly, MTP removal by photolytic ozonation was faster than those
achieved by any of the photo-catalyzed systems. This fact can be explained by
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partial decomposition of ozone into hydroxyl radicals by photolysis at wavelengths
near 300 nm [39].

Ozone consumptions within the processes are reported in Table 5.3. The presented
data are the amounts of ozone consumed per mole of MTP degraded at 50% MTP
removal, 98% MTP removal, and per mole of carbon at 50% TOC removal. From
this table it is apparent that the least ozone-consuming process was the
photocatalytic ozonation with Degussa P25. In fact, the amount of ozone used was
about three times higher for the photocatalytic ozonation with TiFeC than with
Degussa P25. This result suggests that in the presence of TiFeC much ozone is
consumed through parallel reactions (i.e., ozonation of MTP by-products and
catalyst surface oxidation) while Degussa P25 was a more efficient photocatalyst
for degrading MTP by ozonation.

Table 5.3. Ozone consumption during all the Os-treatments with 10 mg L™' MTP initial
concentration

O; consumed/MTP degraded

> Process (mol/mol)
3 MTP MTP TOC
o= 50% 98% 50%
=
(@) Ozonation 2.26 6.29 -—--
Catalytic ozonation 3.70 8.74 1.68
Photolytic ozonation 342 5.24 1.43
Photocatalytic
ozonation 4.11 7.69 1.14
(TiFeC)
Photocatalytic
ozonation 1.23 3.32 0.67
(P25)

Regarding mineralization, Figure 5.8B. shows the time evolution of dimensionless
TOC during the course of experiments. While single ozonation, single adsorption,
catalytic ozonation and photocatalytic oxidation (without ozone) led to less than
50% TOC removal after 2 hours of experiment, greater mineralization levels were
achieved by photocatalytic ozonation both with TiFeC or Degussa P25 and
photolytic ozonation. It can be hypothesized that under the conditions studied,
during photocatalytic ozonation hydroxyl radicals are formed on the photocatalyst
surface [16]. Thus, intermediates from MTP ozonation could, in turn, be most
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efficiently oxidized by hydroxyl radicals resulting in an enhanced mineralization
[40].

It is important to recall here that a powdered carbon material subjected to
ozonation in water may release organic carbon to water because of the reaction
between ozone and surface groups of the activated carbon [41]. To assess whether
or not TOC release was produced in our photocatalytic ozonation experiments with
TiFeC, some experiments were carried out in ultrapure water (without MTP). TOC
concentrations up to 1.5 mg L' were detected but this organic carbon is expected
not to be an environmental problem because of its non-toxic nature and the fact that
it can be removed by further ozonation [41]. In Figure 5.8B. the TOC profile for
the TiFeC photocatalytic ozonation process has been re-plotted (solid line) by
subtracting the TOC released from the actual TOC profile so that only the effect on
MTP mineralization is shown. It can be seen now, that the phocatalytic effect of
TiFeC on MTP mineralization was only slightly lower than that of Degussa P25.

From Figure 5.8B. it is also observed that great MTP mineralization was also
achieved by photolytic ozonation (absence of catalyst). In a previous work, using a
high-pressure mercury lamp with effective irradiation at 313 nm, high
mineralization of the antibiotic sulfamethoxazole was also achieved by photolytic
ozonation [42]. Up to our knowledge the degradation of water pollutants by solar
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photolytic ozonation has not been yet studied. Given the promising results obtained
in this work it will be a subject of further work.

B. Influence of initial MTP concentration

In order to study the effect of MTP initial concentration, some experiments
(photocatalytic ozonation and photolytic ozonation) were carried out with 10 and
50 mg L' initial concentration of MTP. The time profiles of these experiments are
depicted in Figure 5.9A for MTP and Figure 5.9B for TOC. As expected, higher
reaction times were needed to reach complete MTP removal when using 50 mg L™
MTP initial concentration. Regardless of the initial concentration used, MTP
removal rates achieved by photocatalytic ozonation and photolytic ozonation were
close to each other. However, regarding TOC degradation, while no great
differences were observed at 10 mg L' initial concentration, at 50 mg L™ initial
concentration TOC degradation was faster by photocatalytic ozonation. Thus, for
example TOC conversions after 3 h were 34% and 64% for photolytic ozonation
and photocatalytic ozonation, respectively. Therefore, it can be concluded that the
TiFeC catalyst enhanced the mineralization rate of MTP during photocatalytic
ozonation in comparison to the photolytic ozonation.
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Figure 5.9. Variation of MTP (A) and TOC (B) dimensionless concentration with time.

Conditions: Cyrpo =50 mg L' (A photolytic ozonation,® photocatalytic ozonation) and
10 mg L (A photolytic ozonation,O photocatalytic ozonation), *Crijp, =0.25 g L (Cear
=0375gL"),Q,=20L h™', pHy=6.5, T =30° C, Cos, = 6 mg L' (*in the corresponding
experiments)
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C. Catalyst stability and reusability

One of the key factors for the practical application of heterogeneous photocatalytic
processes in water treatment is the recovery and reusability of the catalyst after the
treatment. In this line, five consecutive runs were carried out with the TiFeC
catalyst. In these experiments, 50 mg L' MTP initial concentration was used. After
each two-hour run, the catalyst was separated with a magnet and the aqueous
solution was removed from the reactor and replaced by a fresh MTP aqueous
solution. Figure 5.10. shows some of the results obtained in terms of MTP and
TOC conversions.
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Figure 5.10. Initial adsorption, MTP and TOC conversion for consecutive photocatalytic
ozonation runs with TiFeC catalyst. Conditions: Cyrpg = 50 mg LY, Crion=0.25 g L'
(Ccar=0.375gL™"), Q20 L h, pHy=6.5, T=30°C, Co3,= 6 mg L'
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First, it is seen that the adsorption capacity of the catalyst was barely affected
throughout the series of experiments. Thus, MTP removed by adsorption during the
initial dark stage was around 25% though slightly lower for the 4™ and 5™ run. This
suggests that after each run the catalyst is free of adsorbed MTP which has been
degraded by surface oxidation reactions. However, after a number of cycles some
reaction by-products could remain on the catalyst surface, thus preventing MTP
adsorption to some extent. Also, MTP conversion after 2 h, was kept practically
constant around 95-98% for the whole series of experiments. However, TOC
conversion decreased from 43% reached in the first run to 30-35% in the
subsequent experiments, being always higher than the TOC conversion reached in
a photolytic ozonation experiment (about 20%). Also, the amounts of Fe and Ti
leached out from the catalyst were measured. Table 5.4. shows the element
concentrations found in solution after each run. It can be seen that both Fe and Ti
concentrations were low. Thus, from mass balances it was calculated that the
percentages of titanium and iron leached out from the catalyst after the whole
series of consecutive experiments were lower than 0.04% and 0.60%, respectively

Table 5.4. Ti and Fe lixiviation during photocatalytic ozonation runs with TiFeC catalyst
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5.5. Conclusions

This study focuses on the preparation of a titania-coated magnetic activated carbon
(TiFeC) to be used in the removal of emerging contaminants from water by solar
photocatalytic methods. The synthesized catalyst showed moderate surface areas
and pore volume which allow adsorption of organic compounds to some extent.
TiO, crystallites attached to the activated carbon were in the form of anatase, thus
showing high photocatalytic activity. Given its magnetic properties, catalyst
particles were demonstrated to be easily separable by a magnet. Metoprolol (MTP)
was chosen as model pollutant to test the photocatalytic activity of the synthesized
catalyst. Solar photocatalytic ozonation resulted in higher MTP removal rate and
TOC degradation than single adsorption, single ozonation and solar photocatalysis
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without ozone. However, solar photolytic ozonation (without catalyst)
effectiveness was comparable to that of solar photocatalytic ozonation when using
a MTP initial concentration of 10 mg L. Given this promising result, new
research is being carried out in the application of solar photolytic ozonation for the
degradation of other emerging contaminants and elucidation of reaction
mechanisms. The TiFeC catalyst showed good stability (low Fe and Ti losses) and
reusability. Although the TiFeC catalyst was not as effective as Degussa 25 TiO,,
its easy separation by an external magnetic field makes it an interesting alternative
material for solar photocatalytic processes.
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6.1. Abstract

Magnetically separable photocatalysts with high activity under solar illumination
were successfully synthesized from a commercial meso-to-microporous activated
carbon. First magnetite and then titania (anatase) were deposited onto the activated
carbon support by impregnation and sol-gel methods, respectively. Various catalyst
samples were prepared with different iron and titania contents. The synthesized
photocatalysts were characterized by nitrogen adsorption, XRD, SEM, EDX, ICP,
XPS and SQUID magnetometer. Photocatalytic performance of some selected
samples was examined under various irradiation conditions in the wavelength
ranges of 300-800 nm, 320-800 nm and 390-800 nm. Metoprolol tartrate (MTP) in
aqueous solution (50 mg L") was chosen as target compound for catalytic activity
tests. The most efficient catalyst had TiO, and Fe mass compositions of 64 wt%
and 9 wt%, respectively. It showed high activity in photocatalytic ozonation with
complete removal of MTP in less than 2 h reaction time and 85% mineralization
after 5 h. This catalyst was also easily separable due to its developed magnetic
properties. Catalyst reusability and stability was proved to be rather good after
completing a series of ten consecutive photocatalytic ozonation runs.

Keywords: Magnetic photocatalyst, metoprolol, photocatalytic ozonation,
reusability, titania, water treatment.
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6.2. Introduction

Given the global concern generated by the increasingly occurrence of emerging
contaminants (ECs) in wastewater and aquatic environments, the research and
development of novel water treatment technologies that can remove these
compounds in a cost-efficient way is challenging.

Advanced oxidation processes (AOPs) involve the formation of highly reactive
species, such as hydroxyl radical (OH, E° = 2.8V vs. SHE), which is capable of
oxidizing most of the organic compounds in water [1]. Thus, various AOPs have
demonstrated their ability to degrade many ECs transforming them into harmless
products [2]. Among these AOPs, solar photocatalytic oxidation using TiO, as
catalyst is one of the most promising cost-effective alternatives since it is a method
capable of completely degrade organic ECs up to CO, and H,O and also perform
oxidative transformation of some inorganic compounds and deactivation of
pathogenic microorganisms [3,4]. Recently, it has been shown that the combination
of TiO, and ozone under sunlight illumination (i.e., solar photocatalytic ozonation)
can greatly enhance the ECs degradation rates achieved by the single processes
(i.e., ozonation and solar photocatalytic oxidation). The reason for such behavior is
likely due to the adsorption of ozone onto the TiO, surface where it traps electrons
promoted to the conduction band of the semiconductor, thus avoiding, to some
extent, ineffective electron-hole recombination and generating ozonide radicals
(O57), which can be further transformed into hydroxyl radicals [5-7].

A key factor in the development of solar photocatalytic ozonation processes for the
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removal of ECs from water is the use of a suitable photocatalyst. In a previous
work, a TiO, (anatase)-magnetic carbon composite (TiFeC) was synthesized and
used for the degradation of metoprolol tartrate (MTP) [8]. MTP is a B-blocker
pharmaceutical compound frequently found in effluents from sewage treatment
plants [9,10]. After the treatment, the catalyst particles could be separated from the
solution by an external magnet due to their superparamagnetic behavior, though
their saturation magnetization was rather low (1.6 emu g') compared to bulk

magnetite (92 emu g '). Photocatalytic activity was fairly good though somewhat
lower than that found for the commercially available catalyst AEROXIDE® TiO,
P25. As part of our ongoing work on photocatalytic ozonation, this paper is
focused on the optimization of TiFeC catalysts to improve their photocatalytic
activity, separability and reusability by means of the synthesis of catalysts with
different magnetite and titanium dioxide loadings. Also, this paper gives some
insights into the elucidation of the mechanism of solar photocatalytic oxidation
taking into account the contribution of different pathways to the overall MTP
degradation process as well as the main intermediates observed.
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6.3. Experimental section

6.3.1. Catalyst preparation

Samples of magnetic photocatalysts were prepared following a method described
previously, which comprises three main steps [11]. The first step was the synthesis
of magnetic activated carbon particles (FeC) following the incipient wetness
impregnation method reported by Fuentes and Tartaj [12]. Typically, 10 g of
granular activated carbon (Darco 12-20, Sigma—Aldrich) were impregnated with an
iron (III) nitrate ethanol solution. In order to have samples with different final iron
content (10-30 wt% Fe), solutions of different concentrations (920-1190 g L)
were used. Impregnated samples were dried at 90°C for 2 h and then 150 mmol of
ethylene glycol was added to reduce Fe’" to Fe". Finally, the samples were
subjected to heat treatment under nitrogen atmosphere at 350-550°C for 2-4 h. The
particles thus obtained were milled and sieved so that only particles with size lower
than 125 pm were selected.

The second stage was the synthesis of a TiO, nanosol. To prepare 1 g of TiO,, 4.3
mL of titanium (IV) butoxide (97%, Aldrich) were diluted in 1.4 mL of
isopropanol (>99%, Aldrich) and the mixture was added dropwise to 34 mL of
distilled water acidified at pH 2.0 with HNO; (65%, Panreac). The solution was
stirred under reflux at 75°C for 24 h. Finally, the excess of alcohol was removed on
a rotary evaporator operating at 80°C under vacuum, thus obtaining a TiO,
nanosol. The final stage of the catalyst preparation was the dispersion of FeC
particles in the TiO, nanosol under sonication for 1 h. Subsequently, the dispersion
was dried under vacuum at 80°C. The residue was repeatedly washed with distilled
water until no total organic carbon (TOC) was detected in the supernatant. After
each washing step the particles were separated from the liquid phase by an external
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magnet so that the non-magnetic particles were discarded. Finally, the particles
were dried at 100°C overnight and kept in a desiccator until further use in
photocatalytic tests.

Table 6.1. shows the amounts of activated carbon (AC), Fe, FeC support and Ti
and calcination conditions (step 1) used in the preparation of three magnetic
catalysts selected for photocatalytic experiments.
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Table 6.1. Preparation conditions used for the synthesis of three TiFeC catalysts selected
for photocatalytic experiments

FeC magnetic support TiFeC catalyst
Catalyst
sample AC Fe Calcination Calcination FeC Ti
&) (€9) temperature (°C) time (h) &) (&
TiFeC-1 10.0 1.1 350 2 3 3.6
TiFeC-2 10.0 43 450 3 3 7.2
TiFeC-3 10.0 43 550 4 3 7.2

6.3.2. Characterization of the catalysts

The characterization of the catalysts was carried out by N, adsorption-desorption,
X-ray diffraction (XRD), scanning electron microscopy (SEM-EDX), X-ray
photoelectron spectroscopy (XPS), inductively coupled plasma mass spectrometry
(ICP-MS) and SQUID magnetometry.

BET surface area and pore structure of the AC used as support and the prepared
photocatalysts were determined from their nitrogen adsorption—desorption isotherms
obtained at —196°C using an Autosorb 1 apparatus (Quantachrome). Prior to
analysis the samples were outgassed at 250°C for 12 h under high vacuum (<10
Pa). The t-plot method was applied to obtain external surface area and micropore
volume of samples.
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The crystalline phases present in the catalysts and AC were inferred from their X-
ray diffraction (XRD) patterns recorded using a Bruker D8 Advance XRD
diffractometer with a CuKa radiation (A = 0.1541 nm). The data were collected
from 26 = 20° to 70° at a scan rate of 0.02 s and 1 s per point.

The particle morphology of the catalysts was analyzed using a Hitachi S-4800
scanning electron microscope with 20-30 kV accelerating voltage and 500-2000
magnification. Catalysts were also examined by energy dispersive X-ray (EDX) in
order to determine the distribution of Ti and Fe on the particles using a SSD
detector XFlash 5010 (Bruker), with 5 kV accelerating voltage and 500-2000
magnification.

XPS spectra were obtained with a Ka Thermo Scientific apparatus with an Al Ka
(hv=1486.68 eV) X-ray source using a voltage of 12 kV under vacuum (2x10~’
mbar). Binding energies were calibrated relative to the Cls peak from carbon
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samples at 284.6 eV. The resulting XPS peaks were curve-fitted to a combination
of Gaussian and Lorentzian functions using a Shirley type background for peak
analysis.

The iron content of the catalysts was analyzed by inductively coupled plasma with
an ICP-MS NexION 300D (Perkin-Elmer) after acidic microwave digestion of the
samples. The content of TiO, was estimated from the residue of catalyst
combustion in air at 900°C, taking into account the amount of iron and the ash
content on the AC support used.

Magnetic properties of the materials were tested by magnetometry using a
Quantum Design MPMS XL-7 Superconducting Quantum Interference Device
(SQUID). The magnetic moment, M, was measured as function of the applied
magnetic field, H, at room temperature.

6.3.3. Photocatalytic activity measurements

Metoprolol tartrate (>99% Sigma) (MTP) was used as target contaminant to test the
catalytic activity of the synthesized materials in photocatalytic oxidation,
photocatalytic ozonation, and catalytic ozonation experiments. In addition,
experiments of adsorption of MTP onto AC and MTP ozonation, both in the
darkness and under illumination (i.e., photolytic ozonation), were completed.

Photocatalytic experiments were carried out in semi-batch mode in a laboratory-
scale system consisting of a 1 L glass-made cylindrical reactor with an internal
diameter of 10.7 cm, provided with a gas inlet, a gas outlet and a liquid sampling

O
>
D
o
=
D
=
<

port. The reactor was placed in the chamber of a commercial solar simulator
(Suntest CPS, Atlas) provided with a 1500 W air-cooled Xe arc lamp with emission
restricted to wavelengths over 300 nm because of the presence of quartz and glass
cut-off filters. The irradiation intensity was kept at 550 W m and the temperature
of the system was maintained between 25 and 40°C throughout the experiments. If
required, a laboratory ozone generator (Anseros Ozomat Com AD-02) was used to
produce a gaseous ozone-oxygen stream that was fed to the reactor. In that case,
the ozone concentration was recorded on an Anseros Ozomat GM-6000Pro gas
analyzer.

In a typical photocatalytic ozonation experiment, the reactor was first loaded with
750 mL of an aqueous solution containing 50 mg L' MTP initial concentration.
Then, 0.28 g of the catalyst were added and the suspension was stirred in the
darkness for 30 min while bubbling air to the system. After this dark stage, the
lamp was switched on and, simultaneously, a mixture of ozone-oxygen (6 mg L'
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ozone concentration) was fed to the reactor at a flow rate of 20 L h™'. The
irradiation time for each experiment was 5 h. Samples were withdrawn from the
reactor at intervals and filtered through a 0.2 um PET membrane to remove the
photocatalyst particles.

MTP adsorption (i.e., absence of radiation and ozone), MTP single ozonation (i.e.,
absence of radiation and catalyst), MTP catalytic ozonation (i.e., absence of
radiation) and MTP photolytic ozonation (i.e., absence of catalyst) experiments
were also carried out for comparative analysis. In addition, the ability of radiation
to decompose ozone in the absence of MTP was tested. For that, the
photoreactor was loaded with 750 mL of ozone saturated—ultrapure water
(Coso~ 1.6 x 10* mol L") and the system was allowed to react either under
illumination or in the dark for 10 min.

Some experiments were carried out supplementing the reaction device with specific
filter sheets that selectively block UV radiation. To cut off all the wavelengths
below 390 nm, a flexible polyester thin film (Edmund Optics) was used while a
polyester film (Unipapel) was used to cut off UV radiation below 320 nm.

To test the reusability of a selected catalyst, ten consecutive photocatalytic
ozonation experiments were carried out recovering the catalyst particles with an
external magnet after each experiment and reusing them in the next run without
further modification.

MTP concentration was analyzed by high-performance liquid chromatography
HPLC-DAD (Hitachi, Elite LaChrom) using a Phenomenex C-18 column (5 pum,
150 mm long, 3 mm diameter) as stationary phase and 0.5 mL min ' of 15:85
acetonitrile:acidified water (0.1% phosphoric acid) as mobile phase (isocratic). An
UV detector set at 225 nm was used for detection. MTP intermediates formed
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during different experiments were analyzed by HPLC-qTOF. Details of the
analyses are given as supplementary information.

Total organic carbon (TOC) was measured using a Shimadzu TOC-Vgcy analyzer.
Aqueous ozone was measured by following the indigo method using a UV-Visible
spectrophotometer (Evolution 201, Thermospectronic) set at 600 nm [13]. Ozone in
the gas phase was continuously monitored by means of an Anseros Ozomat GM-
6000Pro analyzer. Hydrogen peroxide concentration was determined
photometrically by the cobalt/bicarbonate method, at 260 nm using a UV-Visible
spectrophotometer (Evolution 201, Thermospectronic) [14]. Iron and titanium in
solution were analyzed by inductively coupled plasma mass spectrometry using a
Perkin Elmer NexION 300D ICP-MS apparatus.
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6.4. Results and discussion

6.4.1. Characterization of the fresh catalysts

Table 6.2. summarizes the composition, crystallite sizes and main textural
parameters of three selected TiFeC catalysts and the starting AC. Also, properties
of a catalyst after being used in ten consecutive photocatalytic ozonation runs
(namely TiFeC-3*) are shown in Table 6.2. As it can be seen in Table 6.2., catalyst
TiFeC-1 had lower Fe and TiO, contents than the catalysts TiFeC-2 and TiFeC-3
as a result of a lower metal loading during the preparation method (see Table 6.1.).
The catalysts TiFeC-2 and TiFeC-3 had a similar content of TiO, and C but the
amount of Fe in the latter was almost 20% higher than in the first. This suggests
that calcination conditions (see Table 6.1.) play an important role in the fixation of
Fe to the carbon surface. Regarding TiO, mass composition of the TiFeC catalysts,
the final titania content of the catalysts was always somewhat lower than expected
(i.e. 66 wt% for TiFeC-1 and 80 wt% for TiFeC-2 and TiFeC-3) likely due to the
loss of some TiO, during the washing steps of the synthesis procedure.

Table 6.2. Bulk composition (wt%), XRD crystallite sizes and textural properties of TiFeC
catalysts and the activated carbon used as support

Sample Fe TiO, C da dum SQBET, SQEXT, VM;CRg o

(%) (%) (%) (m) (nm) (m°g) (m°g) (cm g) 2

o

AC 3.7 0 849 - --- 640 51 0.299 i
TiFeC-1 50 535 343 46 9.0 331 65 0.163
TiFeC-2 76 654 212 53 16.5 285 113 0.152
TiFeC-3 89 64.0 200 5.1 17.5 263 118 0.147
TiFeC-3* nm. nm. nm. 53 17.9 231 98 0.120

Figure 6.1. shows the XRD patterns obtained for the AC support and TiFeC
catalysts. From the AC diffractogram, some characteristic diffraction peaks of
graphite can be identified, as the two broad peaks at 260 = 26 and 43°. Other
diffraction peaks are due to the presence of SiO,—quartz and SiO,—cristoballite
particles which are common minerals in the activated carbon used in this work [8].
Regarding the TiO, structure, XDR patterns obtained for the three catalysts show
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diffraction peaks at 25.4, 37.9, 47.9, 54.4 and 62.8° which confirm the presence of
anatase in all cases. The anatase crystallite size, d5, was calculated from the (101)
diffraction peak using the Scherrer equation and the results are summarized in
Table 6.2. It can be noticed a slight increase in the anatase particle size with the
increasing content of TiO, on the catalyst. Fe;O4 magnetite or y-Fe,O; maghemite
species could also be identified (these two are indistinguishable by XRD) in the
XRD patterns of the TiFeC catalysts with main reflection peaks at 30.2, 35.6, 43.1
and 57.0°. The intensity of the main peaks increases according to the sequence
TiFeC-1<TiFeC-2<TiFeC-3, which is likely connected to the higher amount of iron
loaded on the last two samples and the more drastic heat treatment carried out for
their preparation. The magnetite-maghemite crystallite sizes were calculated by
means of the Scherrer equation from the (311) diffraction peak. As can be seen in
Table 6.2., the catalysts TiFeC-2 and TiFeC-3 exhibited a much larger crystallite
size than the catalyst TiFeC-1.

TiFeC-3*

TiFeC-3

TiFeC-2

Chapter VI
Intensity (a.u.)

20

Figure 6.1. XRD patterns of the AC support and some TiFeC catalysts. Crystalline phases
detected: anatase (A), magnetite/maghemite (M), graphite (G), quartz (Q), cristoballite (C).
TiFeC-3* represents catalyst TiFeC-3 after being used in ten consecutive photocatalytic
ozonation runs.
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Figure 6.2. SEM images (left) and EDX mapping (right) for the TiFeC catalysts
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BET area, Sggr, external surface area, Sgxt, and micropore volume, Vyicro, were
obtained from the nitrogen adsorption—desorption isotherms (not shown) and their
values are presented in Table 6.2. All the samples showed type I isotherm, as it has
already been reported for this type of samples [8], which is characteristic of
microporous materials. The micropore volume of the prepared catalysts was much
lower than that of the starting AC, which suggests that iron oxides and TiO, might
block some pore entrances of the AC [11]. On the other hand, the external surface
areas of the catalysts were larger than that of the AC. This can be due to the
generation of agglomerates of TiO, on the surface of the AC, thus giving rise to the
formation of new larger pores in the range of meso and macropores.

Figure 6.2. shows SEM images of the three catalysts and the distribution of Fe and
Ti species by means of energy dispersive X-ray analysis (EDX). As can be seen in
the images, the particle size distribution is wide with particles in the 5-125 um size
range. A non-uniform distribution of Fe and Ti on all the three catalysts could be
observed (see Figure 6.2., right). However, it is important to note that Fe can be
found in all the particles analyzed since catalyst particles were magnetically
separated after the washing steps in the catalyst preparation method.

Surface chemical composition of the catalysts was analyzed by XPS and the results
are summarized in Table 6.3. and Figure 6.3. (only for catalyst TiFeC-3 as an
example). XPS full spectra of the three catalysts confirmed the presence of C, Ti, O
and Fe on their surface (see Figure 6.3A. for catalyst TiFeC-3). The surface
composition of the catalysts (Table 6.3.) was calculated from peak areas and
Wagner atomic sensitivity factors [15]. It can be noticed that all the catalyst
presented fairly similar atomic surface Ti content though somewhat lower in

>
—
[<5]
-
o
c
=
(@)

catalyst TiFeC-2. On the other hand, the percentage of atomic surface Fe increased
as bulk iron content of the catalysts was larger (see also Table 6.2.), being the
highest on the catalyst TiFeC-3.

Table 6.3. XPS results of TiFeC catalysts

Surface composition Ti 2p peaks
(atomic %) position
Tl O C Fe Fe 2p3/2 Fe 2p1/2 Sat-FeH Sat-FeH Ti 2p3/2 Ti2pm
%) (%) (%) (%) (eV) (eV) (eV) (V) (V) (V)

TiFeC-1 152 455 379 14 711.0 724.3 715.3 718.8 459.7  465.4

Fe 2p peaks position

Sample

TiFeC-2 13.0 435 414 2.1 7109 724.5 715.4 718.8 459.7  465.4

TiFeC-3 150 420 39.6 34 710.7 724.8 715.4 718.9 459.8 4655

TiFeC-3* 169 454 326 5.1 7120 725.1 n.d. 719.3 459.5 4652




Intensity (a.u.)

T T T T T T
800 600 400 200 0

Intensity (a.u.)

T T T T T T T T
472 468 464 460 456 452

Intensity (a.u.)

O1s

Ti 2p

Ti2s

J C1s

(A) TiFec-3

Binding energy (eV)

Ti2p,,

(B) TiFec-3 498 ev

Ti2p,,
465.5 eV

N

Binding energy (eV)

Fe2p,, —Fe2p,,
7248eV N T 710.7eV

[} [

W

M o
Satellite Fe**
718.9 eV

S

Satellite Fe® Y

715.4ev § TiFeC-3
]

s
e o
Satellite Fe*™ | 8
719.3 eV H
Fe2p, , )
(C) 7251ev Fe 2p,, § TiFeC-3*

712.0 eV

T T T T T T
750 740 730 720 710 700

Binding energy (eV)

Paper 4 | 193

Figure 6.3. XPS full spectrum of catalyst TiFeC-3 (A), High-resolution XPS spectra of
Ti2p (B) and Fe2p (C) spectral regions
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Figure 6.3B. shows the high-resolution Ti 2p XPS spectrum for catalyst TiFeC-3.
The binding energy peaks located at 459.8 and 465.5 eV can be attributed to the
spin-orbit splitting of the Ti 2p components (Ti 2ps, and Ti 2py,,), with a difference
in binding energy of ca. 5.7eV, which confirms the presence of Ti as Ti*" (TiO,)
[16,17]. Similarly, Figure 6.3C. displays the high resolution Fe 2p XPS spectrum
for catalyst TiFeC-3. The peak positions of Fe 2p;, and Fe 2p, at ca. 710.7 and
724.8 eV, respectively, are consistent with the existence of magnetite (Fe;O,4)
[18,19]. On the other hand, the presence of satellite peaks at ca. 718.9 and 715.4
eV is attributable to the existence of Fe’" and Fe*" iron species, respectively [18].
Since it has been previously reported that Fe 2p;,, for pure Fe;O4 does not have a
satellite peak [20], the coexistence of other iron species such as maghemite (y-
Fe,05) or FeO cannot be disregarded. Similar XPS results were found for the three
fresh catalysts, as can be inferred from data in Table 6.3.

Due to the presence of magnetic iron species (magnetite and/or maghemite) in the
catalysts, magnetization of the samples was analyzed and results are depicted in
Figure 6.4. As expected, higher iron content led to higher saturation magnetization
(M) of the samples (see value for My in Figure 6.4.). The catalyst TiFeC-3, which
was synthesized under the most drastic conditions in terms of temperature and time
of the heat treatment and also had the highest iron content among the prepared
catalysts (see Table 6.1.), is the one that presented the highest M. For this catalyst,
the value of saturation magnetization was found to be 4.4 emu g .
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Figure 6.4. Magnetization vs. applied magnetic field at 25°C of TiFeC catalysts
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Taking into account the iron content of this sample and considering that all iron
could be converted into magnetite (bulk magnetite 92 emu g ') a maximum M; of
12 emu g' could be expected. However, it should be pointed out that
magnetization of magnetite depends on the particle size and the particle
distribution. Thus, M; values lower than that of bulk magnetite (in the 60-70 emu
g ' range) have been found for magnetite particles of similar sizes of the crystallites
found in TiFeC catalysts (~10-20 nm) [21]. Also, magnetite readily reacts with
oxygen to form maghemite, which has lower M, than magnetite. Accordingly,
partial oxidation of magnetite to maghemite in TiFeC catalysts is likely to take
place. TiFeC-3 presented a much higher M value than TiFeC-1 and TiFeC-2,
which could suggests a higher content of magnetic iron oxide (magnetite and
maghemite) as also deduced from XRD and XPS results. This means that not only
the iron content but also the heat treatment conditions (temperature and time)
influences on the final content of magnetic iron oxide. It is also important to note
that all the TiFeC catalysts showed zero coercitivity and remanent magnetization
indicating superparamagnetic behavior and thus the particles could be re-dispersed
in solution for reuse after being separated by a magnet.

6.4.2. Catalytic activity

The photoactivity of the synthetized catalysts was evaluated through simulated
solar-light radiation (300-800 nm) photocatalytic oxidation and photocatalytic
ozonation experiments aimed to degrade MTP. Some additional experiments were
carried out to analyze the contributions of adsorption, direct ozonation and catalytic
ozonation to the removal of MTP during the photocatalytic ozonation process. An
initial concentration of MTP as high as 50 mg L' was used in the experiments,
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which allows us to analyze the effect of the catalysts in terms of mineralization (i.e.
TOC depletion). Figure 6.5. shows the time evolution of MTP concentration and
TOC during the course of some selected experiments.

As shown, MTP was adsorbed onto any of the catalysts surface to some extent,
being the catalyst TiFeC-1 which presented the highest adsorption capacity (18%
MTP removed after 5 h) while MTP uptake on catalysts TiFeC-2 and TiFeC-3 was
only c.a. 12%. This result is in agreement with the highest BET surface area of
TiFeC-1 (see Table 6.2.). It can be also noticed that in all cases adsorption
equilibrium was practically reached in about 30 min, so relatively fast MTP
adsorption took place.

Regarding photocatalytic oxidation, catalysts TiFeC-2 and TiFeC-3 were shown to
be more efficient to degrade MTP than TiFeC-1 as it can be noticed in Figure 6.5.
As seen in Figure 6.5., final MTP conversions obtained with catalysts TiFeC-2 and
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TiFeC-3 were ca. 60% while only 45% MTP conversion was reached when using
the catalysts TiFeC-1. From these results, and taking into account the difference
found in the TiO, content of the catalysts (TiFeC-2 and TiFeC-3 had a 10% more
TiO, than TiFeC-1, see Table 6.2.), the removal efficiency of MTP may be mainly
due to the oxidizing species generated by the photo-excitation of titania particles
loaded onto the catalysts rather than to the adsorption capacity of the materials.
Contribution of direct photolysis to the removal of MTP can also be ruled out as
MTP does not absorb radiation at wavelength higher than 300 nm. From XPS
results quite similar surface atomic Ti amounts were present on the three catalysts
(Table 6.3.), accordingly it can be suggested that the simulated solar radiation
could penetrate more than a few nanometers in samples (depth of XPS analysis),
thus exciting TiO, particles located at deeper sites on the activated carbon.
Contrary to MTP removal, TOC removal after 5 h was higher when using catalyst
TiFeC-1 (c.a. 30% conversion) than in experiments using TiFeC-2 and TiFeC-3
(c.a. 20% conversion). This suggests that catalyst TiFeC-1 is able to absorb MTP
degradation products to a higher extent than TiFeC-2 or TiFeC-3.

As can be observed in Figure 6.5., all the treatments using ozone (i.e. single
ozonation, catalytic ozonation, photolytic ozonation and photocatalytic ozonation)
led to much faster MTP degradation rates than the photocatalytic oxidation
treatment regardless of the catalyst used. In all ozonation experiments MTP
depletion rate was quite similar, which suggests that MTP removal occurs mainly
through direct ozone reaction with low catalytic effect. Similar results have been
observed previously for compounds that react fast with ozone, such as diclofenac
and sulfamethoxazole [22]. MTP has also a relatively high rate constant for its
reaction with ozone (Koz.mtp = 2.9% 10> L mol ' s at pH 6) [23]. Main differences
among ozone processes were observed in mineralization profiles.
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Single ozonation led to just about 40% TOC removal after the 5-hour reaction
period. Ozone, despite being a strong oxidizing agent, reacts selectively primarily
with aromatic and unsaturated compounds. As a result of direct ozonation of MTP
non-aromatic and non-unsaturated intermediates compounds are formed (e.g.,
short-chain carboxylic acids), which react slowly with ozone. As a result, they are
accumulated in water [24,25].

The presence of catalyst greatly improved mineralization rates compared to ozone
alone. Thus, TOC conversion reached 40-50% and 70-90% after catalytic
ozonation and photocatalytic ozonation experiments, respectively. Various
catalytic and photolytic effects leading to the formation of hydroxyl radicals, which
can unselectively oxidize organic compounds in water, can be addressed. First, in
the absence of radiation (i.e., catalytic ozonation), ozone can be partially
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transformed into hydroxyl radicals by the action of the activated carbon used as
support [26—29] as well as the supported TiO, [29,30] and iron oxides [29,31].
According to the results shown in Figure 6.5. it is apparent that the effects of metal
oxides (TiO, and/or iron oxides) were greater than that of the AC, as higher TOC
conversions were achieved with catalyst TiFeC-2 and TiFeC-3, which had higher
amounts of Ti and Fe in their composition than catalyst TiFeC-1. In the presence of
radiation (i.e., photocatalytic ozonation), in addition to the aforementioned
catalytic effects, ozone can absorb UV-photons to yield excited atomic oxygen
species that further generate hydroxyl radicals [32,33]. Thus, as can be seen in
Figure 6.5., 65% TOC conversion was reached in the photolytic ozonation
experiment in contrast to 40% achieved in the single ozonation experiment carried
out in the absence of radiation. In addition, the well-know photocatalytic effect of
the semiconductor anatase must be considered. This effect can be greatly improved
by the presence of ozone, which due to its electrophilic nature, is prone to trap the
electrons from the semiconductor conduction band generating ozonide radicals,
which are further transformed into additional ‘OH [5,6]. Finally, iron oxides
present in the catalysts could also play a photocatalytic role. Thus, as hydrogen
peroxide can be generated from ozonation of MTP [24], iron oxides can catalyze
photo-Fenton like reactions.

A. Effect of radiation wavelength
The results above show the importance of photolytic decomposition of ozone in the

MTP mineralization rate. To evaluate the effect of the radiation wavelength in the
photolytic ozonation process, some experiments were carried out using filters that
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selectively cut off particular wavelengths from the solar spectrum. Figure 6.6.
shows the evolution of MTP concentration and TOC with time during photolytic
ozonation experiments carried out with radiation of wavelengths ranging between
300-800, 320-800 and 390-800 nm. Results from a single ozonation experiment in
the darkness are also shown.

As shown in Figure 6.6., MTP removal profiles were quite similar for all the
experiments suggesting that MTP was mainly removed through direct reaction with
ozone and the effect of radiation was negligible. However, from TOC results, it is
evident that the 300-320 nm radiation enhanced the efficiency of TOC removal due
to photolytic transformation of ozone into reactive oxygen species, which would
eventually be transformed into in hydroxyl radicals [33].
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Figure 6.6. Evolution of dimensionless MTP concentration (solid symbols) and TOC (open
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ozonation (320-800 nm) (A ,A), photolytic ozonation (390-800 nm) (‘ ,<>)

To quantify the effect of different radiation wavelengths on the ozone
decomposition, some experiments of ozone photolytic depletion from ozone
saturated-ultrapure water were carried out. Aqueous ozone decomposition followed
pseudo-first order kinetics:
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Fitting results of experimental data to equation (6.1), the values summarized in
Table 6.4. for the apparent rate constant were obtained. Since no great differences
were found for the apparent rate constant in the darkness and under illumination
with 320-800 and 390-800 nm radiation while k,,, was much higher for the process
under illumination with 300-800 nm radiation, it could be confirmed that the
photolytic decomposition of ozone occurs primarily at wavelengths from 300 to
320 nm. Radiation wavelength over 320 nm does not significantly produce ozone
photolysis and, therefore, did not improve MTP mineralization process
performance. Photolytic decomposition of ozone has been also observed under
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natural sunlight where a small fraction of radiation below 320 nm reaches the Earth
surface and needs to be considered in solar-ozone processes.

Table 6.4. Experimental pseudo-first order apparent rate constants (k) for Os depletion in
water at different wavelengths

kaDD

Conditions (min’l) R?
No radiation 0.071 0.995
390-800nm 0.068 0.995
320-800nm 0.083 0.996
300-800nm 0.123 0.997

Figure 6.7. shows the TOC profiles during some photocatalytic ozonation
experiments carried out with different wavelength radiation and using TiFeC
catalysts. Results from photolytic experiments (in the absence of catalyst) are also
shown.

As a general trend, from Figure 6.7. it can be noticed that regardless of the
radiation wavelength, the presence of any of the catalyst increased to some extent
the MTP mineralization rate. When irradiated with 390-800 nm radiation (Figure 6.
7C.), the three catalysts led to similar mineralization degree. When compared with
the results obtained in a catalytic ozonation experiment (Figure 6.5.), only slightly
higher mineralization percentages were reached in the presence of the irradiated
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catalysts, suggesting that they have low activity under visible light irradiation.

Photocatalytic ozonation systems mediated by 300-800 and 320-800 nm radiation
led to similar mineralization percentages with somewhat higher mineralization rate
by using 300-800 nm radiation. These results are in contrast to photolytic
ozonation that lost efficiency at 320-800 nm since the production of hydroxyl
radicals from ozone photodissociation is minimized at wavelengths higher than 320
nm. Thus, when using 300-800 nm radiation, the catalytic effect of the synthetized
materials can be masked by the ozone photolysis reaction, being preferable to use
radiation of wavelength higher than 320 nm to evaluate the catalytic activity in the
process studied (photocatalytic ozonation). In that sense, Figure 6.7B. shows that
higher mineralization rates were obtained in the presence of the catalysts being
TiFeC-2 and TiFeC-3 the catalysts with the best performance.
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Figue 6.7. Evolution of TOC with time. Conditions: Cyrp, = 50 mg L, Q.,=20L h',
Co, =6 mg L. Experiments: photolytic ozonation (M) and photocatalytic ozonation with

TiFeC-1 (O), TiFeC-2 (A), TiFeC-3 (<)
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B. Simplified mechanistic approach

According to the above results, the reaction mechanism that takes place in the
overall MTP photocatalytic ozonation process with a TiFeC catalyst could be
explained as the sums of contributions and synergy of several processes (i.e. direct
ozone reaction, ozone photolytic decomposition, heterogeneous photocatalysis,
Fenton and photo-Fenton reactions, etc.). Figure 6.8. shows the time-evolution of
dissolved ozone and hydrogen peroxide during single ozonation, catalytic
ozonation and photocatalytic ozonation experiments carried out in the presence of
catalyst TiFeC-3.

From Figure 6.8B. it can be noticed that ozone accumulated in solution during the
single ozonation experiment reaching its maximum concentration at about 30 min
reaction time, then slowly decreasing its concentration with time. A similar profile
was observed during catalytic ozonation but with a slightly faster depletion rate. In
contrast, in photocatalytic ozonation reaction, the maximum concentration of
dissolved ozone was noticeably lower and a faster depletion rate was observed
during the first 60 min, leading to a nearly steady concentration of about 5x10°°
mol L. The lowest values of dissolved ozone and the highest mineralization rate
observed in the photocatalytic ozonation experiment suggest that besides direct
MTP-O; reaction, or in lesser extent side reactions with catalyst surface (activated
carbon or iron), O; was also consumed through its reaction with electrons on the
TiO, surface improving MTP mineralization due to the generation of additional
hydroxyl radicals [6,34].

Generation of hydrogen peroxide by direct ozonation of MTP has been previously
proposed as a step of MTP degradation mechanism [35]. This has been confirmed
experimentally in this work, as shown in Figure 6.8A. In contrast, H,O,
concentration during the photocatalytic ozonation experiment was much lower
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likely due to the consumption of H,O, through surface photo-Fenton reactions
(liquid bulk photo-Fenton reactions could be neglected as the concentration of iron
in solution was rather low ca. 1.5x10” mol L") and/or its reaction on the TiO,
surface as electron acceptor.

Intermediate compounds from MTP degradation during photocatalytic oxidation,
ozonation and photocatalytic ozonation have been analyzed by HPLC-qTOF.
Results show the generation of six main intermediates (MTP-133, MTP-237, MTP-
239, MTP-253, MTP-283 and MTP-299) whose structure, name and other details
can be found in the supplementary information. In general, they are large
molecules which have been reported previously to be formed through O; and/or
‘OH attack to MTP [25, 35—38]



Paper 4 | 203

3.0x10° =%
2.5x10°4 A
A @ °
J A @ Y
2.0x107°-
{4 o °
S 1.5x10° A .
O ' A
1.0x10°1 @ A
5.0x10°H o | g o2
il o U O
OO‘F. T 1 L 1 — 1 T
0 50 100 150 200 250 300
TIME (min)
2.5x10™
2.0x10™1 @
o o © %
. D
. -~
_ 15x10*4 ® <
=3
§10 o*
UI .Ox1
5.0x107°-
U oo O
0.0 e e | O o o
0 50 100 150 200 250 30
TIME (min)

Figure 6.8. Evolution of dissolved ozone (A) and hydrogen peroxide (B) with time.
Conditions: Cyrp, = 50 mg L Q. =20L h', Co,g = 6 mg L Experiments: Single
ozonation (®), catalytic ozonation (A ) and photocatalytic ozonation with TiFeC-3 @)



204 | Paper 4

According to the findings of this work, it can be postulated that photocatalytic
ozonation of MTP with TiFeC catalysts takes place through reactions (6.2) to
(6.11), where ozone is the main species responsible for MTP disappearance and
‘OH (on the catalyst surface or in solution) is the main responsible species for MTP
mineralization.

MTP direct ozonation:
MTP +O,——I1+H,0, (6.2)

where I represents any intermediate or by-product of MTP oxidation pathway.

Hydroxyl radical attack to intermediate products:
[+ '0H — CO, +H,0 (6.3)

Hydroxyl radical formation:

O, +CAT, . > [...] > "OH (6.4)

H,0, + CAT, — [..] —> 'OH (6.5)

E o, + CATTiOZJr hv. o so0mm > [...] > ‘OH (6.6)
E% O, +hv, ... — [..] —> 'OH (6.7)
- O,+ CATTiOZJr hV.  s00mm > [...] > "OH (6.8)
HO, +CATFe,TiOZ +hv, o s00mm — [--] —> "OH (6.9)

H,0, &=— H" +HO; (6.10)

0, +HO, — [..] — 'OH (6.11)

Reactions (6.4) to (6.9) and (6.11) involve intermediate steps that have been
represented as [...]. Reaction (6.4) also involves the catalytic effect of activated
carbon and iron in the catalyst in the ozone decomposition reaction; reaction (6.5)
would be mainly due to Fenton like reaction due to the iron species in the catalyst
surface; reaction (6.6) represents the conventional photocatalytic oxidation (with
oxygen) set of reactions; (6.7) is the photolytic decomposition of ozone that has
been proved to take place at wavelengths between 300-320 nm; reaction (6.8)
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involves the role of ozone as electron acceptor on the TiO, surface; reaction (6.9)
considers, as a whole, the photo-Fenton reactions on the catalyst surface and the
role of hydrogen peroxide as electron acceptor on the TiO, surface; and reaction
(6.11) groups the series of reactions that yield hydroxyl radical from the starting
reaction between ozone and hydroperoxide ion.

The relative contribution of each step to the overall process would depend on the
experimental reaction conditions (e.g., pH, ozone dose, radiation wavelength) and
the catalyst structure and composition. This issue will be the subject of a future
work.

C. Catalyst reusability

Since catalyst TiFeC-3 showed the best catalytic performance and separability,
further experiments were carried out to test its stability and reusability. Thus, a
series of ten consecutive MTP photocatalytic ozonation runs were performed under
320-800 nm radiation. This wavelength range was chosen to isolate to some extent
the catalytic effect. Thus, at those conditions the effect of the photocatalytic route
on the MTP mineralization is high while keeping low the contribution of the
photolysis of ozone. In each run, the catalyst was kept 30 min in the darkness to
reach adsorption equilibrium. Only slight changes in adsorption capacity were
observed throughout the reuse of the catalyst, varying the percentage of MTP
adsorbed from c.a. 13% to 8% with no trend (not shown). This result points out that
adsorbed molecules are also oxidized during the treatment and the adsorption
capacity of the catalysts remains almost constant.
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Figure 6.9. shows TOC removal percentages obtained after the ten consecutive
runs (5 h each) reusing the catalyst. After each run the catalyst was easily separated
from the liquid by means of a magnet placed outside at the bottom of the reactor.
After removing the liquid, a new fresh MTP solution was added to the reactor to
start the following run.

As shown in Figure 6.9. the catalyst exhibited no significant catalytic loss keeping
overall TOC removal at about 75-85% decrease surmounting 85% mineralization
during the first 6 runs and 75% mineralization for the last 4 runs. It is important to
note here that in all runs complete removal of MTP was achieved in less than 2 h.
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Figure 6.9. TOC conversion for consecutive photocatalytic ozonation runs with TiFeC-3
catalyst. Conditions: Cyrp, = 50 mg L, Coar =375 mg L Q,=20L hl,
Co,g =6 mg L', radiation wavelength 320-800 nm

Also, no significant changes were observed throughout the series of runs in the
value of the apparent pseudo-first order rate constant calculated for MTP depletion
(see Table 6.5.). Table 6.5. also shows the concentration of iron found in solution
after each run. As can be observed very low amount of iron was leached from the
catalyst being the aqueous concentration always lower than 0.02 mg L. From the
mass balance, the total amount of iron leached out of the catalyst after the ten runs
was found to be only a 0.25% of the amount initially present. Regarding titanium,
after each run its concentration was lower than 10 pg L™".
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Table 6.5. Pseudo-first order apparent rate constant for MTP depletion in consecutive
photocatalytic ozonation runs and iron leached out from catalyst TiFeC-3

Run ) . (me )
1 0.040 0.996 0.008
2 0.032 0.997 0.008
3 0.034 0.998 0.006
4 0.037 0.989 0.017
5 0.048 0.990 0.004
6 0.055 0.997 0.014
7 0.036 0.990 0.004
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Table 6.5. (continued) Pseudo-first order apparent rate constant for MTP depletion in
consecutive photocatalytic ozonation runs and iron leached out from catalyst TiFeC-3

Run (o R e
8 0.032 0.993 0.002
9 0.041 0.969 0.008
10 0.048 0.983 0.010

Therefore, the catalyst TiFeC-3 seems to be very stable and easily separable to be
used in repeated runs or even in continuous flow experiments. However, the
reaction medium (ozone, hydroxyl radicals, radiation, etc.) could provoke the
modification of some important properties of the catalysts apart from iron or
titanium leaching. In this line, the catalyst recovered after being used in the ten
consecutive runs (named as TiFeC-3* in tables and figures) was characterized.

Form the XRD patterns (Figure 6.1.) no significant changes were observed when
comparing the fresh and used catalysts. Anatase and magnetite/maghemite patterns
could be identified in both diffractograms and no substantial changes in the
crystallite sizes were observed (Table 6.2.). Also in Table 6.2., textural properties
of the fresh and used catalysts are summarized. All the textural parameters
underwent a slight decrease after using the catalyst for 50 h, although these lower
values seem not to affect the catalytic activity of the material. Also SEM and EDX
images (Figure 6.2.) show no apparent modification on the catalyst surface where a
non-uniform distribution of iron and titanium is observed. On the other hand, XPS
results are summarized in Table 6.3. It can be noticed a slight decrease in the
surface carbon content of the used sample respect to the fresh one and an increase
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in the surface iron content (from 3.4 to 5.1%). This can be due to the reaction
between ozone and carbon atoms in the surface of AC, that can release organic
products to the liquid reaction medium leading to a catalyst mass loss [39], and
leaving more iron exposed on the catalyst surface. Regarding to the surface species
on the catalysts, no significant differences were found in the XPS spectra of C s,
O Is and Ti 2p. However, iron Fe 2p XPS spectra showed slight differences and it
has been plotted in Figure 6.3. for comparison purposes. First of all, it can be
observed that the Fe 2p;,, and Fe 2p;,, peaks are wider in the used catalyst and have
been shifted to higher binding energies likely due to the partial oxidation of the
surface iron species from Fe*" to Fe’*, which is also confirmed by de absence of
Fe*"-satellite peak [20]. This is in a good agreement with the results observed in the
magnetization of the sample (Figure 6.4.) where the used catalysts presented a
slightly lower saturation magnetization (4.1 vs. 4.4 emu g ') likely due to the
partial oxidation of surface magnetite. Therefore, main changes produced in the
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catalyst surface after used are related to the partial oxidation of carbon and surface
iron species, which reduced its saturation magnetization to a relatively low extent
(around 7%). However, the catalyst still presented a fairly high saturation
magnetization and could be easily recovered from the reaction medium by an
external magnet and also kept high catalytic activity.

6.5. Conclusions

The TiO,-anatase loaded magnetic activated carbon catalysts synthesized in this
work showed good photocatalytic activity and separability. Optimization of iron
content and heat treatment conditions within the synthesis of the magnetic
activated carbon support are crucial to obtain an easily magnetically separable
catalyst. TiFeC catalyst led to complete removal of MTP and high levels of
mineralization (70-90%) in photocatalytic ozonation experiments with simulated
solar light. MTP was mainly removed through direct ozone reaction independently
of the catalyst composition. However, MTP mineralization (i.e., conversion up to
CO,) rate highly depends on the anatase content of the catalyst. Photocatalytic
ozonation is a complex process involving a synergy of different reaction pathways
(i.e. ozone direct reactions, ozone and hydrogen peroxide electron capture from
TiO, surface, ozone photolysis with radiation wavelength between 300-320 nm,
Fenton and photo-Fenton reactions and catalytic ozonation) leading to the
degradation of organic pollutants in water (MTP in the case study).

Stability and reusability of a TiFeC catalyst was demonstrated to be rather good
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through a series of ten consecutive photocatalytic ozonation runs. After use, the

properties of the catalyst did not vary significantly from the fresh sample though
partial oxidation of carbon and surface iron species took place. However, the ten
times reused catalyst could still be easily separated by an external magnetic field,
which makes this type of catalysts an interesting alternative for solar photocatalytic
processes.

6.6. Supplementary information

6.6.1. Analytical determination of MTP intermediates

MTP intermediates during photocatalytic oxidation, ozonation and photocatalytic
ozonation using TiFeC-3 catalyst were analyzed. Samples were withdrawn at time
intervals in which MTP conversion (equation (6.1S.)) was 0, 10, 50 and 99%:
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X _ CMTP,O _CMTP %100

MTP

(6.1S)

MTP,0

MTP intermediates were analyzed by HPLC-qTOF using an Agilent 6530 accurate
mass quadrupole time-of-flight mass spectrometer bearing with electrospray
ionization (ESI) source coupled with Agilent 1260 series LC system. A ZORBAX
SB-C18 column (3.5 pm, 150 mm long, 4.6 mm diameter) was used as stationary
phase. The column was kept at constant temperature of 30°C during each analysis.
As mobile phase, 0.2 mLmin ' of acetonitrile:acidified water (25 mM formic acid)
was used from 10 to 100% of acetonitrile in 40 min with 15 min of equilibration.
The injection volume was 10 pL. The qTOF instrument was operated in the 4 GHz
high-resolution mode. Ions are generated using an electrospray ion source Dual
ESI. Electrospray conditions were the following: capillary, 3500 V; nebulizer, 30
psi; drying gas, 10 L min'; gas temperature, 350°C; skimmer voltage, 65 V;
octapole RF, 750 V; fragmentor, 175 V. The mass axis was calibrated using the
mixture provided by the manufacturer over the m/z 70-3200 range. A sprayer with
a reference solution was used as continuous calibration in positive ion using the
following reference masses: m/z 121.0509 and 922.0098. Data were processed
using Agilent Mass Hunter Workstation Software (version B.03.01).

6.6.2. MTP intermediates identification

Table 6.S1. shows the main intermediate species detected during MTP
photocatalytic oxidation, ozonation and photocatalytic ozonation experiments.
MTP intermediates detected have been mainly large molecules formed through O;
and/or *OH attack to MTP as has been previously reported [35,25,36,37,38]. MTP-
299 and MTP-283 compounds presented different isomers according to the
different peaks observed at different retention times for the same exact mass. This
has also been observed in a previous work by Benner and Ternes during MTP
ozonation [35]. Thus, the formation of MTP-299 has been proposed to occur
through the hydroxylation of MTP due to direct attack of O; and then the cleavage
of hydroperoxide ion (HO;) [25,35]. MTP-283 is likely formed due to
hydroxylation of MTP by both O; and *OH attacks [25,35,36]. Formation of MTP-
253 can be due to *OH reaction that takes place at the ether bond of the side chain
since O; shows no reactivity with ethers [35]. MTP-239 intermediate has been
detected during ozonation in absence of tert-butanol, indicating that is likely
formed through *OH reactions [35]. The intermediate MTP-237 could be formed
by loss of the ether group of MTP, hydrogen abstraction, possibly upon *OH attack
on the alkyl group, and oxygen atom addition [36]. Finally, MTP-133 is an
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aliphatic chain breakdown product of MTP. It has been proposed that it is formed
through *OH reaction involving cleavage of carbon-carbon bond [25,35].

Table 6.S1. Metoprolol and its main intermediates detected by HPLC-qTOF in
photocatalysis, ozonation and photocatalytic ozonation experiments

Label and *Exact . Retention

Difference ]
elemental mass ) time Proposed structure and name
composition (m/z) PP (min)

C:

OH
H
MTP 267.1834 /\/©/o\)\/N\‘/
M: -6. .
C,sH,sNO; 6.35 23.88 o

267.1817
1-[4-(2 methoxyethyl)phenoxy]-3-
(ispropylamino)propan-2-ol

oH
(HO)Z\ \ O\)\/H
C: 16.72 | Y
MTP-299 299.1733 17.95 \0 G

Ci5HpsNOs M ->.87 18.47

299.1715 19.70 Dihydroxy derivative 1-[4-(2
methoxyethyl) phenoxy]-3-
(isopropylamino)propan-2-ol

OH
HO, O\/K/H
MTP-283 283C1:784 11.52 /\/®/ \‘/
) L 844 1690 -

C,5H,ysNO, M:
T 283.1760 18.25 Hydroxy derivative 1-[4-(2
methoxyethyl)phenoxy]-3-
(isopropylamino)propan-2-ol

OH
H
C: OQ\/N
MTP-253 253.1678 \(
CoHuNO, M: -8.60 18.57 HOA/©/

253.1653 1-[4-(2-hydroxyethyl)phenoxy]-3-
(isopropylamino)propan-2-ol
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OH
H
C: O\)VN
MTP-239  239.1521 Y
Ci3HyNO; M: -3.98 12.95 HO\Q/
239.1505 1-[4-(hydroxymethyl)phenoxy]-3-

(isopropylamino)propan-2-ol

OH
\)\/H
C: o) N
MTP-237  237.1365 Y
Ci3H9NO; M: -6.95 1891 o\/©/

237.1348 4-[2-hydroxy-3-(isopropylamino)

propoxy|benzaldehyde
OH
c HO H
MTP-133 133.1103
CeHisNO, M: -7.04 6.75 Y
133.1093

3-(isopropylamino)propane-1,2-diol
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*C: calculated; M: measured

6.6.3. MTP intermediates evolution during different treatments

MTP intermediates detected during photocatalytic oxidation, direct ozonation and
photocatalytic ozonation are shown in Figure 6.S1. where areas (i.e., a measure of
concentration) have been plotted against the MTP conversion reached.
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Figure 6.S1. Evolution of MTP intermediates detected by HPLC-qTOF vs. MTP
conversion. Conditions: Cyrp, = 50 mg L', Cear = 375 mg L, Qg=20L h', Cose =6
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rzg L. Experiments: photocatalytic oxidation (W), ozonation (O), photocatalytic ozonation
%t )can be noticed that MTP-299 compound has been detected only in ozone
processes, which is in accordance with to the comments above. This compound
was formed in larger amount during the single ozonation experiment than during
the photocatalytic ozonation experiment. In this latter a higher concentration of
hydroxyl radicals was formed leading to the formation of intermediates MTP-253,
MTP-239 and MTP-237 to a large extent. The concentration of MTP-283 was
higher during the photocatalytic oxidation experiment than during ozone
experiments. MTP-133 concentration during the photocatalytic oxidation
experiment was almost negligible.
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7.1. Abstract

TiO, and B-doped TiO, catalysts were synthesized using a sol-gel procedure. The
photocatalysts were characterized by ICP-EOS, N, adsorption-desorption, XRD,
XPS, and DR-UV-Vis spectroscopy. Four recalcitrant pesticides (diuron, o-
phenylphenol, 2-methyl-4-chlorophenoxyacetic acid (MCPA) and terbuthylazine)
were subjected to degradation by ozonation, photolytic ozonation, photocatalysis
and photocatalytic ozonation using the prepared catalysts under simulated solar
irradiation in a laboratory scale system. The B-doped TiO, catalysts, with 0.5-0.8
wt% of interstitial boron, were more active than bare TiO, for the removal and
mineralization of the target compounds. The combination of ozonation and
photocatalysis led to faster mineralization rates than the treatment methods
considered individually and allowed the complete removal of the pesticides below
the regulatory standards. The B-doped catalyst was stable and maintained 75%
mineralization after three consecutive runs.

Keywords: Boron doped TiO,, boron leaching, pesticides, photocatalytic
ozonation, solar light.
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7.2. Introduction

Water pollution and scarcity is a global concern. Agriculture is the industrial
activity that has the major impact on aquatic ecosystems, due to the large volumes
of water consumed (70% of the world accessible freshwater [1]) and the high
content of organic substances (pesticides and fertilizers) which are dispersed in
aqueous environments by runoff or leaching. Many pollutants found in water
ecosystems are recalcitrant to some degree to biological and physicochemical
processes that are conventionally used in wastewater treatment plants. In the last
decades, Advanced Oxidation Processes (AOPs) have being pointed out as
effective alternatives to deal with this kind of contaminants. These technologies
can generate non-selective, highly reactive and short-life oxidizing species, which
in turn can completely degrade organic pollutants through oxidation reactions [2].

Photocatalysis is one of the most successfully and extensively studied AOP. It
involves the excitation of a semiconductor through the absorption of photons
having energy greater than its band gap. This excitation promotes an electron from
the valence to the conduction band, which triggers a series of oxidation-reduction
reactions involving the excited electron and the generated hole at the valence band
[2]. Recently, solar-driven TiO, photocatalytic oxidation has attracted considerable
attention in water treatment applications. It offers the possibility of using solar
energy to activate the semiconductor. However, due to the TiO, wide band gap (3.2
eV) its photo-activity is limited to ultraviolet irradiation (A<380 nm) and thus less
than 5% of the solar spectrum can be exploited [3]. In general, doping TiO, appears
to be an effective way to overcome this limitation, since the photo-activity of the
doped semiconductor may be extended to the visible-light region [4,5]. Boron
doping constitute a way to accomplish it, since O atoms in the TiO, lattice can be
substituted by B atoms mixing the p orbital of B with O 2p orbitals, narrowing the
band gap and thus shifting the optical response into the visible range [5]. On the
other hand, boron can also be located in interstitial positions of the TiO, lattice
leading to the partial reduction of Ti(IV) to Ti(Ill), which could act as an electron
trap enhancing the photocatalytic activity of TiO; [5,6].
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Another way to improve the performance of TiO, photocatalytic systems is its
simultaneous application with other AOPs, such as ozonation. The combined
application of ozone and TiO, photocatalysis, known as photocatalytic ozonation,
leads to a synergistic effect due to enhanced production of reactive oxygen species
(ROS) such as hydroxyl radicals in comparison with the application of either single
ozonation or single TiO, photocatalysis [7,8].

In this study, the degradation of four herbicides and pesticides: diuron (DIU), o-
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phenylphenol (OPP), 2-methyl-4-chlorophenoxyacetic acid (MCPA) and
terbuthylazine (TBA), commonly found in water ecosystems, has been studied.
Their molecular structures can be found in Table 7.S1. of the supplementary
material. The degradation methods used were photocatalysis, ozonation, photolytic
ozonation, and photocatalytic ozonation. Different boron doped TiO,
photocatalysts (B-TiO,) were synthetized and used in the photocatalytic treatments.

7.3. Experimental section

7.3.1. Catalysts preparation

The synthesis of TiO, and B-TiO, catalysts was carried out following a sol-gel
procedure previously reported [9]. Initially, a precursor solution was prepared by
diluting the required amount of boric acid (Fisher Scientific) in 10 mL anhydrous
ethanol (Panreac, 99.5%), then adding 4.26 mL titanium butoxide (Sigma Aldrich,
97%), adjusting the pH to 3-4 with glacial acetic acid (Merck) and stirring for 30
min. After that, 20 mL ethanol were added to the precursor solution and the stirring
was kept for 2 more hours. Ammonia aqueous solution (Fisher Scientific, 35%)
was then added dropwise to reach pH 9. Afterward 10 mL ethanol was added and
stirring was kept for another 30 min. The suspension was centrifuged and washed
with ethanol three times. The resulting solid was dried at 60°C overnight, manually
grinded and finally calcined at 500°C for 30 min. Catalysts with 3, 6, 9 and 12
wt.% of B were prepared. The nomenclature and some parameters of the catalysts
are shown in Table 1. A fraction of catalysts with 6 and 12 wt% of B were washed
with ultrapure water to analyze the effect of B leaching.

7.3.2. Characterization of the catalysts
The characterization of the catalysts was carried out by inductively coupled plasma

optical spectroscopy, N, adsorption-desorption, X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and DR-UV-Vis spectroscopy.
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Total B content of the catalysts was analyzed by inductively coupled plasma with
an ICP-OES Optima 3300DV (Perkin-Elmer) after acidic microwave digestion of
the samples.

BET surface area and pore structure of catalysts were determined from their
nitrogen adsorption—desorption isotherms obtained at -196°C using an Autosorb 1
apparatus (Quantachrome). Prior to analysis the samples were outgassed at 250°C
for 12 h under high vacuum (<10~* Pa).
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The crystalline structure was analyzed by X-ray diffraction (XRD) using a Bruker
D8 Advance XRD diffractometer with a CuKa radiation (4 = 0.1541 nm). The data
were collected from 26 = 20° to 80° at a scan rate of 0.02 s ' and 1 s per point.

XPS spectra were obtained with a Ko Thermo Scientific apparatus with an Al Ka
(hv=1486.68 V) X-ray source using a voltage of 12 kV under vacuum (2x10~’
mbar). Binding energies were calibrated relative to the Cls peak at 284.6 eV.

Diffuse reflectance UV-Vis spectroscopy (DR-UV-Vis) measurements, useful for
the determination of the semiconductor band gap, were performed with an UV-Vis-
NIR Cary 5000 spectrophotometer (Varian-Agilent Technologies) equipped with
an integrating sphere device.

Transmitted photon flux through a catalyst suspension was analyzed by
actinometrical measurements following the method proposed by Loddo et al. in
[10], using the solar simulator described below with 250 mL of actinometrical
solution and 250 mL of catalyst suspension at 0.33 g L. Incident radiation flux
was determined with ultrapure water replacing the catalyst suspension and was
found to be 8.96 x 10 Einstein min '

7.3.3. Photocatalytic activity measurements

Photocatalytic experiments were carried out in a laboratory-scale system consisting
of a 250 mL Pyrex made 3-neck round-bottom flask (8.8 cm outer diameter)
provided with a gas inlet, a gas outlet and a liquid sampling port. The reactor was
placed in the chamber of a commercial solar simulator (Suntest CPS, Atlas)
equipped with a 1500 W air-cooled Xe lamp with emission restricted to
wavelengths over 300 nm (quartz and glass cut-off filters). The emission spectrum
of the solar simulator can be seen in Figure 7.S1. of the supplementary material.
The irradiation intensity was kept at 550 W m * and the temperature of the system
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was maintained between 25 and 40°C throughout the experiments. If required, a
laboratory ozone generator (Anseros Ozomat Com AD-02) was used to produce a
gaseous ozone-oxygen stream that was fed to the reactor.

In a typical photocatalytic ozonation experiment, the reactor was first loaded with
250 mL of an aqueous solution containing 5 mg L' initial concentration of each
pesticide (in a mixture). Then, the catalyst was added at a concentration of 0.33 g
L' and the suspension was stirred in the darkness for 30 min (dark adsorption
stage). Then, the lamp was switched on and, simultaneously, a mixture of ozone-
oxygen (5 mg L' ozone concentration) was fed to the reactor at a flow rate of 10 L
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h™'. The irradiation time for each experiment was 2 h. Samples were withdrawn
from the reactor at intervals and filtered through a 0.2 um PET membrane to
remove the photocatalyst particles.

Photolysis experiments (i.e. absence of catalyst and ozone), adsorption (i.e.,
absence of radiation and ozone), ozonation alone (i.e., absence of radiation and
catalyst), and photolytic ozonation (i.e., absence of catalyst) were also carried out
for comparative purposes.

Pesticides concentrations were analyzed by HPLC (Hewlett Packard) provided
with a Kromasil C18 column (5 pm, 150 mm long, 4 mm diameter, Teknokroma).
As mobile phase a mixture of acetonitrile (solvent A) and 0.1% (v/v) phosphoric
acid solution (solvent B) was used at 1 mL-min'. Initially the mobile phase
composition was varied from 40 to 25% solvent A in 12.5 min, then varied to 40% in 7.5
min and finally maintained at that composition for more 10 min. The retention times for
DIU, MCPA, TBA and OPP were 10, 15.2, 23.2 and 25.8 min, respectively. The
detection system was set at 220 nm.

Total organic carbon content (TOC) was measured using a Shimadzu TOC-Vgcy
analyzer. Dissolved ozone was measured photometrically by following the indigo
method at 600 nm [11]. Ozone in the gas phase was continuously monitored by
means of an Anseros Ozomat GM-6000Pro analyzer. Hydrogen peroxide
concentration was determined photometrically by the cobalt/bicarbonate method at
260 nm [12]. Boron leached from the catalysts was determined photometrically
after complexation with azomethine-H at 410 nm [13]. Photometric measurements
were carried out in a UV-Visible spectrophotometer (Evolution 201,
Thermospectronic).

7.4. Results and discussion
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7.4.1. Catalysts characterization

Table 7.1. summarizes some characteristics of the B-doped TiO, catalysts. Firstly,
it can be noticed that the amounts of B incorporated to the catalysts are much lower
than the theoretical values. Similar results have been observed in previous studies
where around only 5-10% of the theoretical B was introduced in the final catalyst
following sol-gel synthesis techniques [14,15].

The structure of the catalysts was analyzed by means of XRD and diffraction
patterns are shown in Figure 7.1. Anatase was identified as the only TiO,
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crystalline phase in all the catalysts together with the appearance of the sassolite
boron structure (H;BOs) with the main diffraction peak at 26=28° for the catalysts
with B content equal or greater than the theoretical 6 wt%. In addition, from the
XRD patterns it can also be noticed that anatase diffraction peaks intensity
decreased with the increasing B content. The crystallite size of anatase in the
catalysts was calculated through Scherrer’s equation. The values, which are shown
in Table 7.1., reveal that the crystal size decreases with the increasing B content.
This effect has been previously reported for similar catalysts and it has been
attributed to the restrained TiO, crystal growing due to the existence of large
amount of boron [16 —18].

Table 7.1. Nomenclature and some properties of the B-TiO, catalysts

iy B da Sf’ETl \gp L (B/Ti)icp  (B/Ti)xps E,
wWt%) (mm) (m°g) (cm’g’) (at/at) (at/at) (eV)

TiO, n.d. 16.8 68.3 0.102 0 0 3.07
3B-TiO, 0.91 9.9 121.3 0.209 0.068 0.469 3.12
6B-TiO, 1.06 9.2 120.1 0.147 0.079 0.531 3.03
9B-TiO, 1.81 7.6 122.4 0.163 0.137 0.541 3.05
12B-TiO, 3.55 7.5 125.5 0.180 0.273 0.693 3.01
6B-TiO,-w 0.42 9.8 n.m. n.m. 0.031 0.018 n.m.
12B-TiO,-w  0.49 7.9 n.m. n.m. 0.036 0.029 n.m.

n.d.: not detected, n.m.: not measured

Textural parameters (BET surface area and total pore volume) were calculated
from the adsorption-desorption isotherms presented in Fig 7.S2. of the
supplementary information and are summarized in Table 7.1. In general, the sol-gel
synthesis procedure together with the relatively short time of calcination led to
catalysts with fairly high surface areas. In addition, it can be observed that both,
BET surface area and total pore volume, increased with the increasing B content,
effect that can be attributed to the lower crystal size of the anatase phase in the B-
TiO, catalysts [16].
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Figure 7.1. XRD patterns of the photocatalysts (Grey: washed samples,
A: anatase, B: boron B,0;/H;BO;)

Surface composition of the TiO, and B-TiO, catalysts was analyzed by XPS.
Figure 7.2A. shows, as an example, the high-resolution XPS spectra of the B 1s
spectral region corresponding to 12B-TiO, catalyst. The binding energy for B 1s
core level in H;BO; or B,Os is centered at 193.0 eV (B-O bond), whereas B located
in the TiO; lattice corresponding to B occupying O sites as B-Ti bond in TiB, or O-
Ti-B, and interstitial B as Ti-O-B presents lower binding energies at 187.5, 189.6
and 191.7 eV, respectively [16,18,19]. The symmetric peak found for all the B-
TiO, catalysts was at 192.6 eV, thus indicating that B is mainly as H;BO; or B,O;
in the catalysts surface, according to XRD results. However, the shift observed
from 193.0 eV may be also indicative of the contribution of interstitial B. The
presence of substitutional B (O-Ti-B or TiB,) can be disregarded according to the
absence of signal at binding energies lower than 190 eV. Ti 2p spectral region for
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Figure 7.2. High resolution XPS spectra of B 1s, O 1s and Ti 2p spectral regions of the
catalysts TiO,, 12B-TiO; and 12B-TiO,-w
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12B-TiO, and TiO, catalysts is depicted in Figure 7.2B. The binding energy of the
Ti 2p core levels at 464.5 and 458.7 eV, and the separation of the peaks around 5.8
eV, confirm the valence state of Ti(IV) in TiO, [20,21]. However, for 12B-TiO,
catalysts the peaks have been shifted towards higher binding energy values that can
be explained on the basis of the higher electronegativity of boron, thus confirming
the formation of Ti-O-B structures (interstitial B) [16]. Finally, Figure 7.2C. shows
the high-resolution XPS spectra of O 1s spectral region for TiO, and 12B-TiO,
catalysts. The main peak located around 530 eV corresponds to Ti-O bonds with a
widening at higher binding energy that has been assigned to hydroxyl groups in the
TiO, surface. On the other hand, a second contribution to the O 1s spectra is
observed in the boron doped catalyst at 532.4 eV corresponding to B-O bonds in
H;BO; or B,Os [18]. Boron to titanium atomic surface ratio was calculated for all
the catalysts from peak areas and Wagner atomic sensitivity factors [22]. These
results are summarized in Table 7.1. together with B/Ti bulk ratio calculated from
ICP results. It can be noticed that the surface ratios are larger than bulk ratios,
suggesting that most of B is located on the surface of TiO, during the sol-gel
synthesis. This has also been previously reported in La-B co-doped TiO, catalysts
[14,23].

Table 7.1. also reports the band gap energy of the catalysts determined according to
Tauc’s expression from the UV-Vis diffuse reflectance spectra (Figure 7.S3. and
Figure 7.54. of the supplementary material). The E, value for bare TiO, was 3.07
eV, whereas for B-doped catalysts fluctuated from 3.01 to 3.12 eV with no
distinguishable trend with the increasing B content. This is in a good agreement
with previous results from Zaleska et al. [18] who reported similar values of E, for
B-doped TiO, catalysts with B content from 0.5 to 10 wt.%. This is likely the result
of low or no mixing of 2p boron bands with 2p oxygen bands since no
substitutional B is achieved [5].

The catalysts were tested in photocatalysis and photocatalytic ozonation of the
selected pesticides DIU, MCPA, TBA and OPP (not shown). However, during the
experiments, dissolved boron was detected in the reaction medium, suggesting
leaching to some extent. To analyze the leaching phenomenon, the catalysts were
submitted to water washing at the same conditions of the reaction medium (catalyst

@)
=y
28]
=]
=
@D
=
=

concentration and pH). These results for 12B-TiO, photocatalyst are depicted in
Figure 7.3. together with the evolution of dissolved boron during the photocatalytic
ozonation treatment. It can be noticed that unstable boron was leached from the
catalyst surface to the aqueous solution just at the beginning of the test and then
remained constant up to 2 h. The differences found between pesticides solution or
water washing are lower than 1 mg L™ of B and can be due to experimental
deviations.
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Figure 7.3. B leaching of the 12B-TiO, catalyst during washing procedure and
photocatalytic ozonation reaction (0.33 g L")

Total boron leached from all the catalysts during the washing procedure is
summarized in Table 7.2. Boron concentration in solution reached values as high as
5.5 mg L™ in the case of the highest loading B-doped catalyst, being the loss of the
total boron from 46 to 70%. To our knowledge, boron leaching phenomenon has
not been previously considered in B-doped TiO, catalysts application to
wastewater treatment but it is mandatory since the limit of B ions in drinking water
is 1 mg L' according to the European Union standards [24].

E Table 7.2. B leaching from the B-TiO; catalysts during washing procedure
§ (033 gL™
(@)

Catalyst (mgBL'l) (3/30 )

TiO, n.d. n.d.

3B-TiO, 1.83 60.6

6B-TiO, 1.91 54.3

9B-TiO, 4.20 69.9

12B-TiO, 5.50 46.6

n.d.: not detected
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On the basis of these results, two of the catalysts were washed with ultrapure water
until no dissolved boron was detected (6B-TiO,-w and 12B-TiO,-w catalysts).
Some characterization results of the washed samples are summarized in Table 7.1..
It can be observed a decrease of B bulk content until 0.42-0.49%. The similar
percentage of boron after washing both catalysts suggests that only this amount can
be introduced in the TiO, lattice regardless of the initial amount of boron used.
XRD patterns of the washed catalysts do not display the diffraction peak of boron
species H;BO; or B,O; but, as expected, the washing procedure did not
substantially modify the crystal size of the anatase phase. In this line, it is
reasonable to assume that no significant changes in the textural properties due to
washing procedure develop. On the other hand, the washed catalysts were analyzed
by XPS and the results of 12B-TiO,-w are also plotted in Figure 7.2. for
comparative purposes. First of all, the intensity of the B 1s core level signal
decreased significantly as a result of the loss of boron. However, the peak position
located at 191.7 eV confirms the existence of boron in interstitial positions in the
TiO, lattice (Ti-O-B bonds). The Ti 2p and O 1s spectra of 12B-TiO,-w catalyst
were similar to those of bare TiO,. These results seem to point out that only a small
portion of the initial boron was introduced as interstitial boron in the TiO, lattice
during the sol-gel method used, and also that this B is strongly bonded and stable in
aqueous suspension whereas the surface boron forming H;BO; or B,O; entities is
easily dissolved. Two extra catalysts were prepared increasing the calcination time
from 30 min to 1 h and 3 h, but this operating variable did not improve the B
stability leading to similar results (not shown). In addition, besides the band gap,
other optical properties of the catalysts such absorption and scattering could be
modified through B incorporation. The transmitted photon flux through a catalyst
suspension could be an indirect measurement of these properties. In that case, the
percentage of transmitted photon flux was 58.1% for TiO,, 47.7% for 6B-TiO,-w
and 76.7% for 12B-TiO,-w. According to this, 6B-TiO,-w is expected to make a
better use of radiation although no trend with other properties was observed and
additional analyses would be necessary to reach stronger conclusions.
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7.4.2. Photocatalytic activity

B-doped washed catalysts were tested in the photocatalytic oxidation and
photocatalytic ozonation of the selected pesticides and compared with bare TiO,
using simulated solar light as radiation source. The evolution of DIU, MCPA, TBA
and OPP during photocatalytic oxidation treatment is depicted in Figure 7.4. The
catalysts were stirred with the solution of the pesticides in the dark for 30 min to
reach the adsorption equilibrium. Low adsorption capacity was observed for DIU,
MCPA and OPP whereas around 20% of TBA adsorption was achieved. In general,
the adsorption capacity increased in the B-doped catalysts likely due to their more
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developed surface area and porosity. Direct photolysis of the pesticides did not
produce significant degradation of DIU, MCPA and TBA, though a slight decrease
of OPP concentration up to 10% was observed. These results are consistent with
the UV-Vis absorbance spectra of the target compounds shown in Figure 7.S5. For
photocatalytic oxidation with bare and B-doped TiO, photocatalysts, in general, the
presence of the catalyst improves the depletion rate of all the pesticides, which
show different reactivity in the mixture. The order of the reactivity was found to be
MCPA>0OPP>DIU>TBA. The rate constants of the reaction between these
compounds and the hydroxyl radical are koy.mcpa = 4.5 X 109, kon.orp = 9.8 x 109,
kogpu=7.1x 109, Komtea =2.8 x 10° L mol ' s! [25,26]. It is commonly assumed
that in photocatalytic oxidation, the main degradation of organics takes place
through hydroxyl radicals, especially when direct photolysis and/or adsorption
have negligible contributions. The highest degradation rate of MCPA was not in
agreement with the order of reactivity derived from the rate constant values. It
could be possible that the hydroxyl radical reaction was not the only predominant
degradation route for MCPA. In fact, some organic peroxyradicals formed as
intermediates during MCPA photocatalytic oxidation are responsible of an
autocatalytic behavior, as previously reported [27].

The incorporation of B to the catalysts lattice conferred an important effect in its
catalytic activity. Thus, the degradation rate of all the pesticides was clearly
enhanced in the presence of 6B-TiO,-w and 12B-TiO,-w catalysts. Similar
behavior was observed for DIU and OPP, as 70-80% degradation was achieved
with 12B-TiO,-w catalyst vs. 20-30% obtained with bare TiO,. For MCPA, around
45 min were necessary to reach almost complete removal whereas around 10% of
MCPA still remained in solution with TiO, after 120 min of treatment. TBA
depletion also improved with B-doped catalysts, reaching around 50% degradation
compared to 35% with TiO,. However, TBA showed a refractory character towards
its photocatalytic oxidation, since its concentration decreased faster during the first
15 min and then the degradation rate slowed down. These results point out the
benefits of incorporating boron to the TiO, lattice. The role of B in interstitial
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positions of TiO, has not been unequivocally defined. It seems that B tends to lose
its three valence electrons, which are donated to the 3d states of lattice Ti ions, thus
giving rise to Ti(Ill) species. These latter have been postulated to reduce the
recombination of photo-excited electrons and holes [5,28]. A boron content of
about 0.5 wt% seems to be enough to enhance the photocatalytic activity of TiO,.
The differences found in the activity of both doped catalysts could be related to the
higher content of surface B detected by XPS in the 12B-TiO,-w catalyst. On the
other hand, the differences found in the textural properties and crystallinity of bare
Ti0O, and B-TiO, catalysts might also play an important role in the behavior of the
catalysts. However, it has been reported the improvement of photocatalytic
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performance with the increased crystallinity of the anatase particles since
recombination process is prevented to some extent, though larger crystal size leads
to lower specific surface areas [29]. Therefore, the improvement observed in the
catalytic activity could be related to the presence of boron in TiO, interstitial
positions more than to the changes produced in TiO, crystal size and textural
properties. Also, the modification on the radiation absorption and scattering
properties cannot be disregarded although transmitted photon flux measurements
were not conclusive at this respect.

The evolution of the pesticides concentration during photocatalytic ozonation is
shown in Figure 7.5. Also, for comparative purposes, ozonation alone and the
combination of ozone and radiation (photolytic ozonation) were applied. It can be
observed that, regardless of the presence of catalysts and/or radiation, all the ozone
treatments led to higher degradation rate of the pesticides than the photocatalytic
oxidation process. The average time needed to reach 99% of pesticides removal
with ozone treatments was around 60 min for DIU and TBA, and 30 min for
MCPA and OPP. These are, in general, in agreement with the values of the rate
constants of the ozone-pesticide reaction (kos.mcpa = 323, kos.orr = 379, Koz.piw =
3.7, kostea = 20 L mol ™' s™' [25,30,31]). Nevertheless, indirect reactions due to
ozone decomposition into hydroxyl radicals could take place at the reaction pH
[32,33], also according with the high rate constant values between hydroxyl
radical-pesticides commented above.

Main differences among the ozone treatments were found in terms of TOC
removal. Previously, as seen in Figure 7.6., in all cases, after the dark stage, low
TOC removal due to adsorption on the catalysts was observed in comparison of the
reaction stage. However, doped catalysts presented higher adsorption capacity
compared to bare TiO,, probably due to their higher surface areas. On the other
hand, the TOC removal observed in the direct photolysis run was negligible, as
expected. These results were improved by photocatalytic oxidation reaching 25%
TOC removal with bare TiO, after 2 h. This mineralization level increased up to
37% and 45% using 6B-TiO,-w and 12B-TiO,-w catalysts, respectively. The
higher efficiency of the doped catalysts compared to that of bare TiO, was also
observed when applying the combined photocatalytic ozonation treatment.
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Although only 20% of the contaminant mixture was mineralized by single
ozonation, the presence of radiation during photolytic ozonation increased up to
45% the mineralization degree. In the presence of radiation, a fraction of the ozone
molecules that have not directly reacted with contaminants are photolyzed under
wavelengths near to 300 nm to produce reactive oxygen species (ROS), which
enhance the mineralization rate [34]. These results were highly improved with the
photocatalytic ozonation treatment, reaching 65—-70% TOC removal. Ozone, as an
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electrophilic molecule, can trap electrons from the conduction band of the catalyst
yielding ozonide ion radicals that decompose into ROS [7,8]. B-doped catalysts
were more active than bare TiO, and led to faster mineralization rate according to
TOC removal reached at 60 min reaction time, though the final mineralization
degree was similar (around 1 mg L TOC is the difference between bare and
doped-TiO, catalysts at the end of the treatment).
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Figure 7.6. TOC removal during all the treatments applied with TiO, and B-TiO; catalysts.
Conditions: pHy = 6.5, T = 25-40°C, Cpggo = 5 mg L' (in the mixture), Ccar =0.33 g L,
Q.= 10Lh™" (05/0,), Cozy=5mgL™".

It is known that hydrogen peroxide can be generated during photocatalytic
treatments and also through direct ozone reactions [35—37]. The role of H,O, and
O; involved in photocatalytic reactions has been analyzed through the results
depicted in Figure 7.7. When comparing the dissolved ozone profiles (Figure
7.7A.) for single ozonation and photolytic ozonation it is observed that ozone
accumulated in the solution from the beginning and its concentration remained
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almost constant along the experiment in contrast to photolytic ozonation which
presented a maximum in the ozone concentration, which then decreased
dramatically. This suggests that ozone is photolyzed with the radiation used to give
rise to ROS, which enhanced the mineralization rate. The low accumulation of
ozone in solution during the photocatalytic ozonation experiment can be explained
taking into account the electrophilic character of ozone, which can act as an
electron acceptor and trap the electrons photo-generated on the photocatalysts
surface. On the other hand, the hydrogen peroxide concentration evolution is also
shown in Figure 7.7B. Photolysis and photocatalytic oxidation gave place to very
low H,0O, concentrations. However, in all the ozone treatments the concentration of
hydrogen peroxide was significantly higher. Thus, the formation of H,O, through
direct ozone reactions of the four pesticides was experimentally confirmed. During
single ozonation, H,O, concentration increased up to 40 min and then remained
almost constant until the end of the experiment. A higher H,O, decomposition rate
was observed during photolytic ozonation, resulting in lower concentration at the
end of the treatment. The H,O, could undergo photolytic decomposition under
wavelengths near 300 nm, thus improving the degradation and mineralization of
the contaminants [38]. On the other hand, during photocatalytic ozonation with
bare TiO, a higher decomposition rate of H,O, was also observed, the
concentration being negligible after 100 min of treatment. With B-doped TiO,
catalysts, the formation of hydrogen peroxide took place at higher rate reaching a
maximum concentration at about 20 min and then the consumption was also faster
and the concentration negligible at the end of the treatment. These results point out
that H,O, is likely being consumed through photocatalytic reactions acting as
electron acceptor in the TiO, surface. This process is more efficient with B-doped
TiO, catalysts compared to bare TiO, also indicating their higher photocatalytic
activity.

7.4.3. Catalyst stability
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The stability and reusability of the 12B-TiO,-w catalyst was tested in three

consecutive runs of photocatalytic ozonation process. The catalyst was easily
separated by sedimentation after each run and used without any treatment in the
next experiment. After removing the supernatant solution, a new fresh solution of
the four pesticides was added to start the following run. In all the experiments the
catalyst from the previous run was kept 30 min in the darkness with the new fresh
solution to reach adsorption equilibrium.

Taking into account that main differences found between the ozone treatments
were found in mineralization, Figure 7.8. shows TOC removal percentages during
the dark adsorption stage and after 1 and 2 hours of photocatalytic ozonation.
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Figure 7.8. TOC removal during consecutive photocatalytic ozonation runs. Conditions:
pHo = 6.5, T = 25-40°C, Cpps = 5 mg L' (in the mixture), Ccar=0.33 gL', Q,= 10 L h'
(05/0;), Cozg =5 mg L'

During the dark stage, only slight changes were observed in adsorption capacity of
the reused catalyst varying the percentage of TOC adsorbed between 3-7% with no
trend which indicates that the small amount of initial pesticides adsorbed onto the
catalyst surface is oxidized during the photocatalytic treatment. On the other hand,
the mineralization reached at 2 h reaction time was maintained at about 75% during
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the consecutive runs. Furthermore, the mineralization rate seems to slightly
increase when compared TOC removal at 1 h reaction time being mineralization
increased from 55 to 65% during the reutilization of the catalyst. In addition no
boron leached was detected after the consecutive use of the catalyst. Therefore,
although additional experiments would be needed to test the long term performance
of the catalyst, this results point out the stability and reusability of these B-doped
TiO; catalysts once the non-structural remaining boron was washed.
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7.5. Conclusions

The sol-gel method used to dope the TiO, catalysts led to the incorporation of a
lower amount of boron than the theoretical value. A part of the amount of boron on
the catalysts was in the form of B,Os;/H;BO; species, which was unstable in
aqueous solution and released boron to the reaction medium. An extra washing of
the catalysts with water led to the removal of unstable boron and no further
leaching. The rest of the boron on the catalysts was incorporated in interstitial
positions of TiO, and did not modify the band gap energy with respect to bare
TiO,. The presence of boron on the catalysts also caused the reduction of the
crystal size of the anatase particles of TiO, and an increase of the pore volume and
specific surface area respect to the bare TiO,. The washed B-doped TiO, were
more active than bare TiO, for the removal and mineralization of the target
compounds due to the effect of boron in interstitial positions of TiO, avoiding the
recombination process to some extent. The efficiency of the studied systems
regarding mineralization rate followed the order: single ozonation < photocatalysis
with TiO, < photocatalysis with B-TiO, < photolytic ozonation < photocatalytic
ozonation with TiO, < photocatalytic ozonation with B-TiO,. Photocatalytic
ozonation with B-TiO, catalysts was the most efficient process in terms of
mineralization, leading to the complete removal of the pesticides in less than 90
min with 75% mineralization after 120 min. The catalytic activity was maintained
after 3 consecutive runs with no leaching boron detected.

7.6. Supplementary information

Table 7.S1. Molecular structure of the selected pesticides
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Adsorption-desorption isotherm of the B-TiO2 and CNT composite catalysts
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Absorbance spectra of TiO, and B-TiO, catalysts
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Figure 7.S3. DR-UV-Vis spectra of the catalysts
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UV-Vis Absorbance spectra of DIU, MCPA, OPP and TBA
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Figure 7.S5. Absorbance UV-Visible spectra of the target compounds in ultrapure
water from 200-325 nm
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Chapter VIII

The main conclusions drawn from the present research are
summarized in this chapter.

Contents

8.1. General conclusions

8.2. Conclusiones generales






8.1. General conclusions

The work in this Thesis aims to make a contribution to the study of new strategies
to deal with the treatment of emerging contaminants in water and wastewater.
Particularly, it is an approach to solar photocatalytic ozonation processes as a
viable alternative to efficiently degrade emerging contaminants. To this end, a
series of objectives were established in order to achieve specific goals, as detailed
in Chapter 1. In connection with each objective a number of general conclusions
can be withdrawn after discussing the results obtained.

Objective 1: Application of AOPs at pilot scale in a CPC reactor using solar
radiation for the degradation of a mixture of emerging compounds (acetaminophen,
antipyrine, bisphenol A, caffeine, metoprolol and testosterone) in ultrapure water
and municipal wastewater:

Conclusions:

1.1.Under the operational conditions used in this work (Creqny = 2.79 mg L,
H,O,/Fe(Ill) = 6.09 (mass ratio), C.,, = 200 mg L™, it was observed that

photo-Fenton system at pH 3 allows degradation rates higher than the TiOy/hv
system at pH 7.

1.2. Single ozonation (i.e. ozone in absence of light and catalyst) could be
highlighted as a good treatment choice to eliminate organic pollutants since
this treatment method was found to be able to degrade fast and completely the
target compounds. However, single ozonation led to low mineralization degree
(i.e., TOC removal). This behaviour suggests that, though the parent
compounds react fast with ozone, there is an accumulation of degradation
products that are recalcitrant to the ozone attack. Then, the use of more
energetic processes is suggested to enhance EC mineralization.

1.3.The simultaneous application of ozone and solar radiation (i.e., photolytic
ozonation) enhances considerably the efficiency of the systems considered
individually, especially in terms of mineralization. This enhancement is
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1.4.

1.5.

1.6.

1.7.

1.8.

attributed to a higher production of hydroxyl radicals through the
decomposition of ozone by solar radiation.

Under the experimental conditions applied in this work (Mixture of six ECs at
10~ mol L™, each, Creny = 2.79 mg L', H,O,/Fe(Ill) = 6.09 (mass ratio),
Crior = 200 mg L, Q,=0.67L min ', Coze = 13 mg L', average incident
UVA solar radiation 41.2 W m™?), solar photocatalytic ozonation processes
(Fe(II1)/Os/hv/pH 3, Fe(Ill)/H,0,/O5/hv/pH 3 and TiO,/Os/hv) were found
effective enough to remove the selected ECs and mineralize them to some
extent. In addition, the consumptions of ozone in these solar photocatalytic
processes were found to be much lower than those in single ozonation
processes.

TOC removal by solar photocatalytic ozonation processes was found to follow
a pseudo first order kinetics. This allows the determination of apparent reaction
constants that can be used to estimate the importance of reaction pathways
leading to TOC degradation. In this way, it can be concluded that oxidation by
hydroxyl radicals played a major role in solar photocatalytic processes.

The degradation of ECs in a secondary effluent from a domestic WWTP by
ozonation, solar photocatalytic oxidation and solar photocatalytic ozonation is
less efficient than in ultrapure water, especially in terms of TOC removal. This
is due to the presence of typically occurring species in effluents which are
more refractory to oxidation than ECs but compete for oxidizing species such
as ozone and hydroxyl radicals.

Toxicity bioassays showed that the selected ECs are toxic to Daphnia Magna
(0.2 mg L' each in mixture, in secondary MWWTP effluent led to 25%
inhibition). Moreover, the application of solar photocatalytic oxidation and
solar photocatalytic ozonation to treat the ECs in a secondary effluent from a
domestic WWTP led initially to the formation of toxic intermediates, which
were further removed leading to non-toxic effluents.

In terms of operating costs (reagent and electricity consumption) it was found
that the systems using ozone, except the TiO,/O;/hv/pH 7, are the most
economic choices when the goal is the complete removal of the ECs. Also
when the goal is to remove TOC to some extent, the solar photocatalytic
ozonation systems using Fe(Ill) or Fe(Ill)/H,O, have the lowest operating
costs.
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Objective 2: Improvement of heterogeneous photocatalytic processes based on
TiO, by the application of photocatalysts with improved adsorption and separation
properties.

Conclusions:

2.1.The commercial sample of activated carbon (Darco) used during the
preparation of the magnetic catalysts, resulted to be a suitable support. Because
of its textural properties and chemical surface, it is possible to prepare stable
composites consisting on titania and magnetite/maghemite particles supported
on the activated carbon.

2.2.Under the experimental conditions applied in this work for the preparation of
the catalyst (consisting in magnetization of activated carbon by incipient
wetness impregnation with iron nitrate solution followed by a reducing heat
treatment at 350-550°C for 2-4 h in N,; and synthesis of TiO, particles by a
sol-gel method using titanium butoxide as precursor and hydrolysis at pH 2 and
75°C for 24 h), it is not possible to load the activated carbon support with more
than 65wt% TiO,. The crystallite phase of TiO, on the catalyst is anatase and,
as a consequence, the catalyst presents good photoactivity leading, under the
conditions applied in this work (C.,; = 365 mg L_l, Cumrro = 50 mg Lfl, Moz =
120 mg h™', incident radiation = 550 W m and 5 h treatment), up to 85%
metoprolol mineralization in 10 successive photocatalytic ozonation
experiments with simulated solar light.

2.3.The magnetic photocatalysts synthesized show good stability throughout solar
photocatalytic ozonation runs and also excellent separability by the action of an
external magnetic field. This latter due to the magnetic properties of the
magnetite/maghemite particles supported on the activated carbon.

2.4.1t was also found that the photolysis of ozone under 300-320 nm radiation
starts an important pathway leading to the degradation of organic compounds
in water. This may represent a significant contribution to the overall
degradation of organic compounds in solar photocatalytic ozonation systems.
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Objective 3: Preparation of TiO, catalysts doped with boron to improve catalyst
performance in solar photocatalytic processes.
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Conclusions:

3.1.The sol-gel method used in the preparation of doped TiO, catalysts (Acidic
hydrolysis at room temperature of titanium butoxide in the presence of boric
acid, gel formation at pH 9 and calcination at 500°C) leads to the incorporation
of 0.5-0.8 wt% of boron in interstitial positions, which was only a fraction of
the theoretical amount of boron. The amount of boron not incorporated in such
positions is in the form of B,O3;/H3;BO; species, being unstable and therefore
may leach out to the aqueous medium. This unstable fraction of boron can be
removed from the catalyst by washing in ultrapure water. After that, the
catalysts are stable (no more boron is leached out) and with enhanced activity
compared to bare TiO,.

3.2.The preparation procedure does not modify significantly the band gap energy
with respect to that of bare TiO,. However it decreases the crystal size of
anatase particles, and increases the pore volume and specific surface area of the
catalyst.

3.3.1t was observed that the efficiency of the various treatment systems tested to
mineralize a mixture of pesticides (diuron, o-phenylphenol, 2-methyl-4-
chlorophenoxyacetic acid (MCPA) and terbuthylazine) at the experimental
conditions applied in this work (Cgcp =5 mg L! each, C.; =333 mg L_l, Mo3 e
= 50 mg h', incident radiation = 550 W m> and 2 h treatment) follows the
order: single ozonation < photocatalysis with TiO, < photocatalysis with B-
TiO, < photolytic ozonation < photocatalytic ozonation with TiO, <
photocatalytic ozonation with B-TiO,.

3.4. The B-doped TiO, catalysts are stable and easily recoverable by settling and
filtration. In addition, no leaching of boron was detected throughout the
repetitive use of the catalyst.
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8.2. Conclusiones generales

Esta Tesis Doctoral se ha desarrollado con el objetivo principal de contribuir en el
estudio de nuevas estrategias para el tratamiento de contaminantes emergentes en
aguas, realizando un enfoque especial hacia los procesos de ozonacion solar
fotocatalitica como alternativa viable y eficiente para la degradacion completa de
dichos contaminantes. Asi, se establecieron una serie de objetivos especificos
durante la investigacion, tal como se detalla en el Capitulo I. A continuacion se
presentan las principales conclusiones obtenidas durante el desarrollo de cada
objetivo.

Objetivo 1: Aplicacion de PAOs a escala piloto en un reactor CPC empleando
radiacion solar para la degradacion de una mezcla de compuestos emergentes
(acetaminofeno, antipirina, bisfenol A, cafeina, metoprolol y testosterona)
presentes en agua ultrapura y residual (efluente secundario de EDAR):

Conclusiones:
1.1.En las condiciones de operacion empleadas en este trabajo (Ceeany = 2.79 mg

L™, H,0,/Fe(Ill) = 6.09 (relacion masica), C = 200 mg L), el sistema

foto-Fenton a pH 3 ha permitido alcanzar mayores velocidades de degradacion

TiO2
de los contaminantes seleccionados que el sistema TiO,/hv a pH 7.

1.2. La ozonacion sencilla (es decir, la aplicacion de ozono en ausencia de
radiacion y catalizadores) es una buena alternativa para el tratamiento de
contaminantes organicos; sin embargo, mediante este sistema suelen
conseguirse bajos grados de mineralizacion. Aunque se ha observado que los
contaminantes iniciales desaparecen rapidamente, el tratamiento da lugar a la
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acumulacion de subproductos de degradacion que son recalcitrantes al ataque
del ozono. Por tanto, es conveniente el uso de procesos mas energéticos (como
la ozonacion fotolitica o fotocatalitica) para favorecer la mineralizacion de
estos compuestos.
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1.3.La aplicaciéon de forma simultanea de ozono y radiacion solar (es decir,
ozonacion fotolitica solar) mejora considerablemente la eficiencia de los
sistemas individuales (ozonacion y fotdlisis), especialmente en términos de
mineralizacion. Este efecto positivo se atribuye a que en presencia de radiacion
hay una mayor produccion de radicales hidroxilo debido a descomposicion del
ozono con radiacion solar.

1.4.En las condiciones de operacion empleadas en este trabajo (6 ECs en mezcla, a
una concentracion de 10~ mol L™ (cada uno), Cream = 2,79 mg L,
H,0,/Fe(Ill) = 6,09 (relacién masica), C,,, = 200 mg L™, Q, = 0,67 L min "',
Cosg =13 mg L', radiacion UVA solar incidente promedio = 41,2 W mfz), los
procesos de ozonaciéon fotocatalitica solar  (Fe(IIl)/Os;/hv/pH 3,
Fe(1I1)/H,0,/05/hv/pH 3 y TiO,/O3/hv) demostraron ser efectivos para eliminar
los ECs estudiados y conseguir altos grados de mineralizacion. Ademas, la
demanda de ozono en estos procesos es mucho menor que en reacciones de
ozonacion sencilla.

1.5.El perfil de conversion del carbon organico total (COT) en procesos de
ozonacion fotocatalitica solar puede ajustarse a una cinética de pseudo primer
orden. De esta manera es posible determinar unas constantes de mineralizacion
aparentes, con las que puede hacerse una estimacion de la importancia relativa
de los mecanismos de reaccion que conllevan a la mineralizacion. De esta
forma, se concluyé que la oxidacion mediante radicales hidroxilo es una
contribucion importante en la conversion del COT.

1.6.La eficacia en el tratamiento mediante ozonacion, oxidacion fotocatalitica solar
y ozonacion fotocatalitica solar de los ECs estudiados en efluentes secundarios
de aguas residuales municipales, sufre una disminuciéon comparado con los
ensayos en agua ultrapura, especialmente en la mineralizacion. Esto se debe a
la presencia de especies recalcitrantes que compiten con los ECs por las
especies oxidantes durante el proceso como el ozono y el radical hidroxilo.

1.7. Mediante el uso de Daphnia Magna como indicador de toxicidad, se observo
que los ECs seleccionados son toxicos en las concentraciones empleadas (0.2
mg L' en efluente secundario; 25% de inhibicion). Durante la aplicacion de
procesos de fotocatalisis solar y ozonacién fotocatalitica solar se produce un
aumento de la toxicidad de las muestras debido a la acumulacion de
intermedios toxicos y que disminuye cuando se alcanzan mayores grados de
mineralizacion.
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1.8.En cuanto a la evaluacion de costes de operacion (teniendo en cuenta el
consumo de reactivos y electricidad durante los procesos aplicados) se
encontrd que los procesos en los que se usa ozono, excepto en el caso de
Ti0,/Os/hv/pH 7, representan la mejor opcion de tratamiento siempre que el
objetivo sea la eliminaciéon de los contaminantes iniciales. En el caso de
requerir un grado de mineralizacion determinado, los sistemas de ozonacion
fotocatalitica empleando Fe(III) o Fe(Il1)/H,O, a pH 3 representan las menores
opciones en cuanto a costes de operacion.

Objetivo 2: Mejora de los procesos de fotocatalisis heterogénea basados en TiO,
mediante la sintesis y aplicacion de fotocatalizadores con propiedades de adsorcion
y separacion mejoradas.

Conclusiones:

2.1.El carbon activo comercial empleado (Darco) es un soporte adecuado para la
preparacion de fotocatalizadores magnéticos. Debido a sus propiedades
texturales y su quimica superficial ha sido posible la preparacion de
catalizadores estables que consisten en particulas de TiO, vy
magnetita/maghemita soportadas sobre el carbon.

2.2.Mediante el método empleado para la preparacion de los catalizadores
magnéticos (que consiste en magnetizar el carbon activo por impregnacion
incipiente con una disolucidn de nitrato férrico y posterior tratamiento térmico
reductor a 350-550°C durante 2-4 h en N,, y sintesis de las particulas de TiO,
mediante hidrolisis de butdxido de titanio a pH 2 y reflujo a 75°C durante 24 h)
solo ha sido posible soportar hasta un 65% en peso de TiO,. La fase cristalina
de las particulas de TiO, soportadas corresponde a anatasa y en consecuencia,
los catalizadores presentan buena fotoactividad en las condiciones
experimentales empleadas (C., = 365 mg L, Cumrro = 50 mg L, Moz, = 120
mg h', intensidad de radiacion incidente en simulador solar =550 Wm >y 5 h
de reaccion). En estas condiciones se obtuvo un 85% de mineralizacion de
metoprolol durante 10 tratamientos sucesivos de ozonacion fotocatalitica.

2.3.Los catalizadores magnéticos sintetizados son estables en procesos de
ozonacion solar fotocatalitica y ademas facilmente separables mediante el uso
de un campo magnético externo, gracias a las particulas de
magnetita/maghemita soportadas en el carbon activo.
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2.4.La fotdlisis de ozono bajo radiacion con longitudes de onda entre 300-320 nm
representa una contribucidon importante en el mecanismo de degradacion de los
contaminantes organicos en agua.

Objetivo 3: Preparacion de catalizadores de TiO, dopados con boro con
propiedades mejoradas.

Conclusiones:

3.1. A través del método sol-gel empleado en la preparacion de los catalizadores de
TiO, dopados con boro (que consiste en una hidrolisis 4cida a temperatura
ambiente de butoxido de titanio en presencia de acido borico, formacion del gel
a pH 9 y calcinaciéon a 500°C) se consigue unicamente la incorporacion de un
0,5-0,8 % en peso de boro intersticial, independientemente de la cantidad de
boro utilizado durante la preparacion. El boro que no logra incorporarse, se
encuentra como B,03/H;BO;, que es inestable y por tanto se lixivia al medio
de reaccion. Esta fraccion de boro se elimina mediante lavados en agua.

3.2. El procedimiento de preparacidén no conlleva modificaciones en la anchura del
salto de banda de los catalizadores dopados respecto al TiO, puro. Sin
embargo, se observa una disminucion del tamafo de cristal de anatasa y un
incremento en el volumen de poro y area especifica de los catalizadores.

3.3.Los catalizadores preparados se emplearon en procesos fotocataliticos a escala
de laboratorio en un simulador solar para mineralizar una mezcla de pesticidas
seleccionados como compuestos modelo (diurdn, o-fenilfenol, MCPA y
terbutilazina). En las condiciones experimentales utilizadas durante los ensayos
(Cgcp=5 mg L’l, Ceat =333 mg L’l, mos3 = 50 mg h’l, intensidad de radiacion
incidente = 550 W m* y 2 h de reaccién), la eficiencia de los sistemas sigue el
orden: ozonacion sencilla < oxidacion fotocatalitica con TiO, < oxidacion
fotocatalitica con B-Ti0, < ozonacion fotolitica < ozonacidn fotocatalitica con
Ti0O, < ozonacion fotocatalitica con B-TiO,.

3.4.Los catalizadores de TiO, dopados con boro son estables y facilmente
separables por sedimentacion y filtracion. No se produce lixiviacion de boro
durante ensayos de recuperacion y reutilizacion de los catalizadores en
procesos sucesivos de ozonacion fotocatalitica solar.
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A magnetically separable photocatalyst consisting of magnetic porous activated carbon with attached
anatase TiO; particles has been prepared and tested for the degradation of metoprolol (MTP)in aqueous
solution. The synthesized photocatalyst (TiFeC) was characterized by nitrogen adsorption, XRD, FTIR,
SEM, EDX and SQUID magnetometer. The obtained catalyst with a TiO2 composition of 61 wt.% (mostly
anatase) had moderate surface area (BET surface of 331 m? g-1) and volume of micropores and exhibited
magnetic properties with saturation magnetization of 1.6 emug="' and neither remanent magnetization
nor coercivity. The photocatalytic activity of TiFeC samples was tested by degrading MTP by simulated
solar photocatalytic ozonation. The results were compared to those obtained with a commercial titania
(Degussa P25) and by photolytic ozonation (i.e., absence of catalyst) Complete MTP removal and more
than 60% TOC conversion were achieved after 3 h of photocatalytic ozonation of an aqueous solution
containing as much as 50 mgL~! MTP initial concentration. The reusability and stability of the catalyst
were tested through a series of five photocatalytic ozonation experiments. Minor amounts of iron and
titanium were leached out from the catalyst and the catalytic activity decreased toa very low extent with

the reuse of the catalyst.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solar photocatalytic detoxification of water and wastewater is
an emerging area of research and commercial development as it
may be considered as one of the most cost effective treatment
technologies in regions of high incoming solar radiation [1,2]. Solar
photocatalytic detoxificationis a relatively new clean technology to
remove toxic and persistent pollutants in water and wastewater by
focusing sunlight onto a reactor through which the contaminated
water is flowing in the presence of a catalyst. Among candidates for
solar photocatalysis, TiOy in the form of anatase is the most suit-
able material for industrial use at present because it is a non-toxic
material with high chemical stability, low cost and high oxida-
tion power. It is a semiconductor with a band gap of about 3.2eV
allowing absorption of UV light with wavelengths below 387.5nm
(about 5% of solar spectrum) togenerate electron-hole pairs(e~/h")
on the catalyst surface. Electron-hole pairs, in turn, trigger a
series of reactions generating free-radicals (mainly hydroxyl rad-
icals, HO*), which are very efficient non-selective oxidizers of
water pollutants, both chemical compounds and microorganisms

* Corresponding author. Tel.: +34 924289385 fax: +34 924289385,
E-mail address: anarey@unex.es (A. Rey).

0926-3373/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcatb.2011.10.005

(disinfection). Solar TiO; photocatalysis is receiving great attention
for water and wastewater remediation and it has been extensively
investigated for the removal of organic recalcitrant pollutants as for
example, pharmaceuticals [3-6], dyes [7] or pesticides 8] as well
as to inactivate pathogenic microorganisms such as Escherichia coli
[9].
Given the concern over the risk posed by the presence of phar-
maceutical compounds in water bodies, and hence the possible
impacts on public health and aquatic ecosystems a great deal of
research is being carried out on technologies for the removal of
these compounds [ 10-12]. In general, pharmaceutical compounds
are hardly biodegradable so they are not eliminated by conven-
tional treatment at wastewater treatment plants (WWTPs) and,
as a consequence, they are frequently reported to be present in
WWTP effluents at ngL~! and even pgl-! concentration levels
[13]. Although solar TiO; photocatalysis has been found effec-
tive for the removal of different pharmaceutical compounds from
aqueous solution, to achieve complete mineralization long reac-
tion times are needed because of the formation of a number of
intermediates which, frequently, are hard to degrade [2].

In this work, with the aim of enhancing process performance
regarding mineralization rate of complex organic molecules such
those of pharmaceutical compounds, solar photocatalytic ozona-
tion has been applied. Photocatalytic ozonation, which is the
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Magnetically separable photocatalysts with high activity under solar illumination were successfully syn-
thesized from a commercial meso-to-microporous activated carbon. First magnetite and then titania
(anatase) were deposited onto the activated carbon support by impregnation and sol-gel methods,
respectively. Various catalyst samples were prepared with different iron and titania contents. The syn-
thesized photocatalysts were characterized by nitrogen adsorption, XRD, SEM, EDX, XPS and SQUID
magnetometer. Photocatalytic performance of some selected samples was examined under various irra-
diation conditions in the wavelength ranges of 300-800nm, 320-800nm and 390-800 nm. Metoprolol
tartrate (MTP)in aqueous solution (50 mgL-") was chosen as target compound for catalytic activity tests.

Keywords:
Photocatalytic ozonation
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Metoprolol The most efficient catalyst had TiO; and Fe mass compaositions of 64 wi% and 9 wt’, respectively. [t showed
Water treatment high activity in photocatalytic ozonation with complete removal of MTP in less than 2 h reaction time
Reusability and 85% mineralization after 5 h. This catalyst was also easily separable due to its developed magnetic

properties. Catalyst reusability and stability was proved to be rather good after completing a series of 10

consecutive photocatalytic ozonation runs.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Given the global concern generated by the increasingly occur-
rence of emerging contaminants (ECs) in wastewater and aquatic
environments, the research and development of novel water
treatment technologies that can remove these compounds in a
cost-efficient way is challenging.

Advanced oxidation processes (AOPs) involve the formation of
highly reactive species, such as hydroxyl radical (*OH, E*=2.8V),
which is capable of oxidizing most of the organic compounds in
water [1]. Thus, various AOPs have demonstrated their ability to
degrade many ECs transforming them into harmless products [2].
Among these AOPs, solar photocatalytic oxidation using TiO7 as cat-
alyst is one of the most promising cost-effective alternatives since
itis a method capable of completely degrade organic ECs up to CO5
and H,0 and also perform oxidative transformation of some inor-
ganic compounds and deactivation of pathogenic microorganisms
|3.4]. Recently, it has been shown that the combination of TiO3 and
ozone under sunlight illumination (i.e. solar photocatalytic ozona-
tion) can greatly enhance the ECs degradation rates achieved by the

+ Corresponding author. Tel.: +34 924289383, fax: +34 924289385
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single processes (i.e. ozonation and solar photocatalytic oxidation).
The reason for such behavior is likely due to the adsorption of ozone
onto the TiO; surface where it traps electrons promoted to the con-
duction band of the semiconductor, thus avoiding, to some extent,
ineffective electron-hole recombination and generating ozonide
radicals (*O3~), which can be further transformed into hydroxyl
radicals [5-7].

A key factor in the development of solar photocatalytic ozona-
tion processes for the removal of ECs from water is the use of
a suitable photocatalyst. In a previous work, a TiO; (anatase)-
magnetic carbon composite (TiFeC) was synthesized and used for
the degradation of metoprolol tartrate (MTP) [8]. MTP is a B-
blocker pharmaceutical compound frequently found in effluents
from sewage treatment plants [9,10]. After the treatment, the cat-
alyst particles could be separated from the solution by an external
magnet due to their superparamagnetic behavior, though their
saturation magnetization was rather low (1.6emug-1) compared
to bulk magnetite (92 emug™'). Photocatalytic activity was fairly
good though somewhat lower than that found for the commer-
cially available catalyst AEROXIDE® TiO; P25, As part of our ongoing
work on photocatalytic ozonation, this paper is focused on the opti-
mization of TiFeC catalysts toimprove their photocatalytic activity,
separability and reusability by means of the synthesis of catalysts
with different magnetite and titanium dioxide loadings. Also, this
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Aqueous mixtures of six commonly detected emerging contaminants (acetaminophen, antipyrine,
bisphenol A, caffeine, metoprolol and testosterone), selected as model compounds, were treated by
different solar-driven photochemical processes including photolysis, photocatalytic oxidation with Fe{[lI)
or TiOy, photo-Fenton and single, photolytic and photocatalytic ozonations. Experiments were carried out
in a compound parabolic collector photoreactor. It was found that photolysis and photocatalytic
oxidation using Fe(lll) are not effective for the complete removal of the selected contaminants, while
TiO, photocatalysis, photo-Fenton, single, photolytic and photocatalytic ozonations can rapidly remove
them and decrease total organic carbon to some extent, The combination of photocatalytic oxidation
and ozonation considerably enhances the system efficiency by reducing the ozone demand and energy
requirements to completely remove the contaminants. Results also demonstrate that, at the operational
conditions applied in this work, the contaminant removal and mineralization by ozone processes takes
place in the slow kinetic regime, therefore the application of the ozone combined processes studied
instead of single ozonation is recommended. Kinetic considerations on the application of solar photocat-
alytic processes for mineralization have been also assessed.

@ 2014 Elsevier B.V. All rights reserved.

1. Introduction

aquifers and wastewater treatment plant influents and effluents.
These compounds are considered potentially hazardous as some

Nowadays a great number of pharmaceuticals and personal care
products, commonly known as emerging contaminants (ECs), are
being detected in aqueous systems such as rivers, lakes, streams,

* Corresponding author. Tel.: +34 924289300; fax: +34 924289385.
E-mail address: fbeltran@unex.es (FJ. Beltrdn).
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are ubiquitous, persistent to conventional wastewater treatments
and biologically active, many of them with recognized endocrine
disruption functions [1,2].

Advanced Oxidation Processes (AOPs) constitute an alternative
for the degradation of ECs. AOPs are physicochemical processes
based on the generation of hydroxyl radicals (*OH) under mild
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borosilicate glass tubes of ihe reactor do not transmit
adiation of wavelength under 300 nm and the selecled
compounds do nol absord radiation of wavelength
higher than 300 nm.

near 300 nm [2]. Then, the cxdation systems using
ozone plus sunkght were efective in the removal of the
target compounds. as can be seen in Fig.3.

The acidic hydrolysis of aqueous Fedlll) gives Fe{OH)™
‘species, which absorb solar radiation to yield Fe(ll) and
hydroxyl radicals, which in umn are responsible for the
degradation of the target compounds. The presence of
oxalate led to the formation of photoactve Fe-oxalate
complaxes and eventually hydrogen peroxide, thus
triggering photo-Fenton reactions [3].

Mreralization
30, 80 and 120 min of reaction and lotal radiation
accumulated after 5 b of iradabon for each
expenment are indicated in Fig. 5.

Due to the selectve reactivity of the czone molecule,

produce high mineralization [4]. Hm phnn‘we
‘czonation bed 1o a mineralzation over

Photocatalysis with Fe(lll) (in the absence of other

reagents) also bed 1o neghgble mineralization while in

the presence of ozone, oxalate and hydrogen
efficiency.

Solutions of these contaminants (1x10° M each) were

subjected 10 reatmaent. The iniial for Fe(M).
H,0; and onalate were 51107, Sx10* and 4x10* M,
y. In ozonaton the

inlet gas was an czone-ar mixure containing 10 mg L'
ozone at 40 L', Evaluated systems ane shown in Table 1.

0 H:O: Oxalate

of Ihe crganic matier at

single ozonation under acidk conditions did ot

553535 3§

= nlllii

Figure 5. athieved at diffy
times and total accumutated eneqgy for each system.
= 30 min, ® 60 min, © 2120 min

The most efficient systern was the combination Fe{lil}-
oxalic+hi+y+H,0. At pH 85 this system (R9) led 1o 15,
34, T0 and 85% of mineralization degree in 30, 60, 120
and 180 min, respectively.

4 The results of this work demonstrated that all
the cridation systems axcepl R1, R2 and RS

+ The presence of oxalate andior

4 The most efficient cxidation syslsm was the
photocatalytic in the presence of
Fe{lll), oxalate and hydrogen peroxide at pH 3.
This system led 1o the fastes! minevalization
rate achieving high TOC remaoval levels

&

[1] M5 Diaz et al Trends Anat Chem. 28 (200} 12631275
[2] H. Taube, Trans. Faraday Soc. 53 (1957) 656-865.
[3] ©.Y. Kwan, W, Chu. Water Res. 37 (2003) 44054412
[4]H. Kusic of al. Chem. Eng. J., 123 (2006) 127-137

This work has been fnanced by the Spanish Ministeno de
Clencia & Innovacin (MICINN) and the European Feder
Funas through e project CTO2009-13455-C05-05. DH
Quifiones also thanks the MICINN for a FPI grant

lUN"I‘.-\ DE I.N‘I'!.EMDLI!A

feaeiteona ool
ool # b




266 | Annex

CATALIZADORES MAGNETICOS DE DIOXIDO DE TITANIO SOPORTADO SOBRE CARBON
ACTIVO PARA LA DEPURACION DE CONTAMINANTES EMERGENTES MEDIANTE
OZONACION FOTOCATALITICA SOLAR
D. Quifiones*, A. Rey, P. Alvarez, F. Beltrdn y A Espejo

Dpto. Ingenieria Quimica y Quimica Fisica. Universidad de Extremadura. Av. Elvas, s/n, 06071 Badajoz (Espafia).
Teléfono: +34 924289300, Fax: +34 924289385, "E-mail: dquinone@alumnos. unex.es
Introduccion
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Esta lécnica requiere el uso de un material

ha ser una muy eficiente para la de estos
semiconductor que al absorber se excita un sako o de los de la banda de valencia hasta la banda de conduccién,
generando pares electrén-hueco y desencadenando una sefie de de @ ravés de las cuales se degrada la materia organica presente
en el medio. La presencia de ozono (O,) aporta nuevos de al con estos comp © a través de la generacion de

radicales nmm adicinales (OH'). Estos illimos se pueden generar por ia disociacién fotolitica del O,, o por la captura de Ios electrones promovidos a la banda de

ol radical ozdnido (O,~) que finalmente da lugar a mas radicales O [1| Ademas, la generacion de H,O, en las reacciones

directas del O, con puede suponer otra fuente de ¥, OH [2). En este trabajo se sintetizaron y

vanos i :luudos en TiQ, sobre carbén active que pueden ser emolem en procesds de ozonacidn solar folocatalitica. Los

calalizadores se evaluaon a escala de laboralonio en un simulador solar usando como compuesto modelo metoprolol tartrato (MTP), un B-bloqueante utilizado en ¢l
de .
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Figura 3. Folocatalisis con CAT1(a), CAT2IC) y CATHD ); czonacion simple (), azonacion
fotolitica (@), y ozonacin fotocatalitica con CAT1(& ), CAT24) CAT3 (m).

O CAT1 presenta mayor capacidad de adsorcién pers mas baja

fotoactividad.
OlLa de on y genera un efecto sinérgico que
conlleva a L alos a través de la folocatalisis

simple, la azonacidn y la ozonacidn fetolitica
Catmirador
magritice

0 CAT3 tiene contenido de Fe y puede preumr reacciones secundarias tipo
Fenton, por tanto tiene un mayor

Figura 1. Proceso oe sintess oe 108 Catalizacones

Sistema experimental O Tras 50 horas de reaccion, el CAT3 ain conserva su capacidad

{100% de cel MTP y del 79,6%).
Q Se han que la eliminacikn
leta de P tartrato y una entre el 69,1 y 90.9% en
de i ica. Los i dreas
i superficiales moderadas y volumen de poros que permiten @ adsorcion de
Gigens Rt e compuestos orpanicos en cierta medida
Cuarr = 50 mg L, Cour = 0378 gL, Qo 20L ", Gy = BmgL" ag que mejor ik e
Figura 2. Esq pleads y de reaccion s ¢l CAT3 con una composicitn final de 8.9% de Fe y 64,0% de TiO2
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Tabla 1. texturales y de los
[ [Fa M0, [ € | Suar | Suxr | Vamemo ™
(%) | (%) | (%) |(m?g™") (m?g™")| (cm® g~') (!'“Uil"]
849 640 51 0,299
CAT1_ 3,5 134,3] 331 | 65 | 0163 | _!.-!!
CAT2 78 654 |21 2 2n 72 | 021 | 91
AT |89 640200 263 | 52 | 0216 | 156
O No se consigue retener todo el TiO, esperadc y pare se peerde durarie el
lavado al final de la preparacion de los catalizadores.

Carbén activo|

O Segin andlisis de XRD las
en forma de anatasa

de TiO, das se

0 El catahzador CAT3 ha sido sintetizado con las condiciones més severas del
tratamiento témmico reductor (T* y 1), tene mayor contenido de Fe
saturacion de magnetzacion debido a una mayor conversion del metal en
hierro segin andlisis de XRD

O Los catalizadores pueden ser facilmente recuperados del medio de reaccidn
mediante & uso de un campo magnitico externo, lo que los comvierte en una
alternativa eficiente y de bajos costos de operacién paa este lipo de
procesos fotocataliticos.
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Annex

On the reaction mechanism of metoprolol removal through photocatalytic
ozonation with TiFeAC catalyst under simulated solar radiation

INTRODUCTION

Emerging contaminants detected in aqueous environments, wastewater treatment plant effluents
and even in drinking water treatment plants are a big environmental concern nowadays. Most of
them present xenobiotic, endocrine disrupting, persistent and other non-desirable properties.
which make necessary their removal prior to water discharge. Photocatalytic ozonation based on
the combination of photocatalytic oxidation with ozone has demonstrated to be very efficient to
remove this kind of pollutants [1). Athough the photocatalyst commonly used has been TIO,
powder due to its properties (activity, stability, cost, etc), one of its main drawbacks is the
separation of the catalysts in suspension after the reaction [2]. In this line, supported TiC; onto
magnetic activated carbon (AG) has demonstrated to be active, stable and easily separable in
the photocatalytic ozonation of metoprolol (MTP), a B-blocker pharmaceutical compound [3].

This work has been focused on the elucidation of solar photocatalytic ozonation of MTP
mechanism using an own-made TiFeAC catalylst based on anatase-TiO, supported onto
magnetic AC. The contribution of different reaction pathways and the main intermediates formed
in the overall MTP degradation process have been considered
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CONCLUSIONS

TiFeAC catalyst was very efficient in photocatalytlic ozonation process which gave place to a
complete MTP and its first intermediates removal reaching 90% mineralization

TiFeAC catalyst was easily recoverable.

MTP is mainly depleted through direct O; reaction in the ozone processes

Hydrogen peroxyde s formed during MTP ozonation.

Mineralization of MTP is mainly due to hydroxyl radicals attack which are formed through a
complex reaction mechanism involving O and H,0; electron capture from TiO, surface, O
photolysis, dark and photo-Fenton reactions, catalytic ozone decomposition over AC and Fe

active sites and 0,-H,0, reactions. The importance of the different pathways will be the
subject of a future work.
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SYNTHESIS OF A B-DOPED TIO, PHOTOCATALYST FOR THE REMOVAL OF SELECTED
PESTICIDES IN LABORATORY WATERS BY SOLAR PHOTOCATALYTIC OZONATION
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Introduction Ve

Agriculture is the industrial activity that has the major impact on aquatic ecosystems, due to the large volumes of water consumed (70% of the world
accessible freshwater) and the high content of arganic substances (pesticides and fertilizers) which are dispersed in aqueous environments by runoff or
leaching.
Advanced Oxidation Processes, such as TiO, photocatalysis and ozonation, are being pointed out as effective alternatives to deal with this kind of
i However TiO, ivity is limited to ultraviolet irradiation and single ozonation usually leads to low mineralization. To overcome these
limitations, TiO; can be doped to extend its activity to the visible-light region. And also it can be used with ozone, which can trap electrons from the conduction
band to yield oxygen reactive species (ROS).
In this work, nanosized photocatalyst samples of TiO, and B-doped TiO, were synthesized using a sol-gel methed. The photocatalysts were characterized by
powder XRD, N, isotherms, SEM, DR-UV-Vis, ICP and XPS. Four (diuron, , MCPA and ) were subjected
to by ion, i ion, is and ion using the prepared catalysts under simulated solar
irradiation in a laboratory scale system.

EXPERIMENTAL
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Figure 1. Catalysts preparation procedure
Experimental setup 08

Blank: Photoc. azonat. with TiO,

Solid: Phetoc, ozonat, with B-Ti0),

) el
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Figure 5. Photoactivity of the catalysts: DIU (), MCPA(=), TBA(z), OPP(A}
. Figure 2, Experimental sétup and operating condilors (a) Photocatalytic oxidation, (b) single and photolytic ozonation, (c) photocatalytic ozonation, (d) TOC
Analysis parameters
[ Pesticides-HPLC, TOC analyzer, H,0, and dis. O--UV-Vis, gas outlet O5-UV online analyzer | | Figure 5 shows the profles.of removal of the target pesticides during the application of various AOPs.

As shown in Figure 5a, after 30 min of stirng in the dark, a low adsorption of compounds on the catalysts
was reached. B-doped catalyst showed higher activity than bare TiO, for photocatalytic ozonation. MCPA
hi i ic oxi .

Figure 3 shows the XRD pattems for the two presens ihe highest depleton rate WPWMW Wda“m ‘ )

nanocatalysts. The crystalline structure identified According te Figure 5b photolytic ozenation is more efficient than single ozonation for the removal of the
in both is composed only of anatase phase pesticides. This is due fo the ozone photolysis which also leads to lower O, aceumulation.

without observable structural differences between | From Figure Sc can be seen that B-daped TiO, is sfill more efficient than bare TiO, in photocatalytic

ozonation.

i the catalysts. Crystal sizes for undoped and B-
g o I
z doped calalyst ae summarized in Table 1. B Figure 5d shows TOC removal profiles for all the systems studied. Single ozonation led to a low TOC
Z incorporation restrained anatase crystal growing ’
5 which also provokes an increase in the S removal. However the use of radiation and catalysts promoted ozone decomposition into ROS and,
z BET therefore, higher mineralization is achieved. B-doped catalyst was observed to be mare active than TiO, and
5 - led to the higher mineralization rate.
P ) ) 0 USIONS
26(9) E |
Figure 3. XRO patterns of the catalysts 2 a Bare and B-doped TiO, catalysts were synthetized by a sol gel method and were found to be
The presence of B in the doped catalyst = N effective in the ion of diuron, MCPA and ine by p i
was confirmed by ICP and XPS (lower than 3 /1\‘ J oxidation and photocatalytic ozonation.
the nominal value). Figure 4 shows XPS W The efficiency of the studied systems regarding the mineralization rates followed the order: single

ozonation < is with TiO, < with B-TiQ, < photolytic ozonation <

full spectrum and B 1s spectral region for
photocatalytic ozonation with TiO, < photocatalytic ozonation with B-TiO,.

B-TiO, catalyst. The peak of B 1s (181.7 .
eV) corresponds to intersticial B (T=0-B). 1200 1000 500

The Ti 2py, spectral region suggests the Acknowledgements
presence of Ti(lV) (not shown) The O 1s Bls
spectral region consists of a contribution of This work has been financed by MINECO (Spain) and ERDF through project CTQ2012-35780-C02-

01. D. Quifiones thanks the MINECO for the concession of a FPI grant. D. Quifiones is also grateful
to Loughborough University and MINECO for making possible a research stay.

Ti~0 and O-H [1].
Table 1. Properties of the catalysts

PARAMETER B-TIO,

B (wi%) 0 09 References

d,, (nm) 168 99 V 1. D.Chen, D. Yang , Q. Wang, Z. Jiang. Industrial & Engineering Chemistry Research, 45 (2008)

Seer (g7} 85 12 41104116

Eg(eV) 307 302

B T A A u

oo It e bard gz stay Binding Energy eV) MINSTERIO wcunins [l M Loughborough
b gt e B DE EconaHiA Sutnpean Rooma University
SEM micrographs (not shown) confirmed Figure 4. XPS spectra of the B-TIO; catalyst Y COMPETITIVIDAD Devwiopmant Furd Y

iregular forms and a wide particle size
distribution for both catalysts.
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BORON DOPED TiO, PHOTOCATALYSTS FOR SOLAR PHOTOCATALYTIC TREATMENTS
OF SELECTED PESTICIDES
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PZUS INTRODUCTIO
(i)

m Agricultural industry is considered as one of the productive sectors with the most negative effects on aquatic
environments, since it generates water residues with high content of agrochemicals as pesticides and fertilizers.
Most of them have been found to be persistent against conventional physicochemical treatments applied in

e W =R wastewater treatment plants

Photocatalytic ozonation (i.e. the combination of an irradiated semiconductor with ozone) has demonstrated to
efficiently remove a great variety of organic pollutants. In this work, the degradation of four pesticides: Diuron
(DIU), o-phenylphenol (OPP), ZAmEtM|A4A:h|uruphznuxya:etlc acid (MCPA) and terbuthylazine (TBA) is
studied. The degradation methods used were p and
F ytii with different B- TiO; catalysts sludylng the eﬂecl of B loadmg on the catalytic activity.

anean Congress
cal Engineering

TiO, and several B-TiO, catalysts with nominal boron content between 0-12 wt% were
prepared by a sol-gel procedure using boric acid and tert-butyl titanate as precursors.
The suspended solids obtained were centrifuged, washed, and the resulting precipitates
were calcined at 500°C. Characterization of the catalysts was carried out by XRD, SEM,
ICP. N, adsorption-desorption isotherms, XPS and DR-UV-Vis spectroscopy.

Gane generatar

Photoactivity was evaluated using a solar simulator equipped with a Xe lamp (A>300 nm,
550 W m~?) feeding 10 L h* of an 0,/O; mixture (5 mg L™ czone) in a pH free ultrapure
water matrix containing 5 mg L of each target compound. Experiments were carried out
with a 30 min period of adsorption in the dark followed by a 2 h period of irradiation.
Pesticides, dissolved O, H,0; and total organic carbon (TOC) concentrations were

analysed to follow the reaction evolution Experimental set-up
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s yst was measured by ICP in all catalysts is composed only of anatase 1o — Y
and XPS, and it was found to be lower than the  phase without observable structural differences [rg— :
hominal value (see Table 1 between the catalysts. v s e
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tion when using bare TiO2, 6B-TiO, and 12B-TiO.
respectively. These results were highly improved
talytic ozonation treatment, reaching 65-70%
t is notewos that B-doped catalysts led to
on rates than bare Ti0, although the final mineralization
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Figure 1. SEM Micrographs
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Regarding

mpounds degradation (see Figure 4), all the ozone
ad to higher degradation rate of the pesticides than
oxidation processes.
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Figure 1 shows, as an example, the SEM micrographs »’\ %o, d reusability of the 12B-TiO, (washed) catalyst was
for bare TiO, and 3B-TiO, catalysts. These micrographs 9“&*" S o B *, g, nsecutive runs of photacatalytic ozonaticn pr
confirmed irregular forms and a wide particle size . ‘ia tmf,t a e, was recycled by filtration (not shown). It was
distribution for the catalysts. e T, consecutive runs with no beron leaching the
" - tained reaching about 75% mineralization.

As shown in Figure 2, the crystalline structure identified Figure 3. Mineralization profiles
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