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Summary

Summary

In the past 50 years there has been increasing interest and concern over
pharmaceutical drugs and their presence in the environment, since they and/or their
metabolites could induce toxicological effects and bacterial resistance in living
organisms. Conventional sewage treatment plants are not able to efficiently remove
these chemicals, reason why these compounds are being introduced into the aquatic
environment at concentration levels of parts per-billion (ppb) and parts per-trillion (ppt).
Although these concentrations are much lower than those used in medical applications,
the related potential toxic effects are still poorly known and cannot be discarded.
Heterogeneous TiO; photocatalysis is an advanced oxidation process that can achieve
complete oxidation and mineralisation of such organic compounds. TiO, nanoparticles
and nanofibers have been extensively investigated as the suspended semiconductors in
common heterogeneous photocatalysis set-ups. However, the complete recovery of the
semiconductor is still a major industrial challenge. That is the reason why their fixation

onto an inner support represents a great alternative to overcome this problem.

The present PhD thesis has studied the degradation of four pharmaceutical drugs
(ofloxacin, clofibric acid, diclofenac and ibuprofen) using two different set-ups
(suspended and supported conditions) with three different TiO, catalysts: synthesised
TiO; nanofibers and P25 nanoparticles and commercially available nanofibers, used as
reference materials. Prior performing the photocatalytical process, all TiO, samples
were submitted to physical characterisation (BET surface area, X-Ray diffraction and
SEM microscopy) showing significant differences between the synthesised and
reference materials. Prepared TiO;, nanofibers, however, appeared to be the material
with maximum adsorption capacity (derived from Langmuir’s isotherm) and appeared
to be slightly better at degrading the pharmaceuticals under study at a concentration of
10 pg L. Nevertheless, when the experiments were conducted under real conditions,

none of all the studied catalysts could effectively degrade the studied compounds.

Additionally, this work has studied how one of the selected pharmaceuticals
(ofloxacin) was degraded along the photocatalytical process by mass spectrometry
techniques: (tandem) high-resolution mass spectrometry and ion mobility mass
spectrometry. Due to the vast amount of information generated by these cutting-edge

instruments, different data treatment techniques were applied in order to achieve a fast



Summary

identification of the generated transformation products (TPs). The degradation of
ofloxacin led to the formation of 59 TPs. Chemical structures of these TPs were
hypothesised on the basis of their accurate mass and product ion spectra. However, due
to the lack of standards of these TPs, these hypothesised structures could not be
confirmed until ion mobility, in combination with theoretical calculations, was used.
This technique not only rendered additional separation in the gas phase for some of the
identified TPs but also provided a tool to support the complete elucidation of the

chemical structures hypothesised.

Having detected and identified ofloxacin TPs, the investigation of this PhD thesis
was centred on the study of their toxicological impact. Toxicity was assessed by two
different end-points: luminescence, using the luminescent bacteria Vibrio-fischeri and
cytotoxicity using three different human cell lines (HK-2, HepG2 and fibroblast cells).
Both end-points clearly demonstrated that, even at low concentrations, the formation of
these TPs led to a toxicity increase when compared to the parent drug ofloxacin. Even
though this toxicity increase, complete detoxification was achieved by ensuring enough
irradiation time and promoting the complete depletion of ofloxacin TPs. The individual
toxicity of these TPs was then studied by fractionating the reaction crude with a semi-
preparative HPLC column which restricted the number of toxic TPs. Due to the poor
chromatographic resolution achieved, the chemical synthesis of the generated TPs

seems to be the only option, to date, to study their individual toxicity.



Resumen

Resumen

A lo largo de los tltimos 50 afios ha habido un creciente interés y preocupacion
acerca de los farmacos y su presencia en el medio ambiente debido a que éstos y/o sus
metabolitos podrian inducir efectos toxicoldgicos adversos y/o resistencia bacteriana en
organismos vivos. Los sistemas de depuradoras de aguas, actualmente, no son capaces
de eliminar estos compuestos, motivo por el cual, son introducidos y detectados en el
sistema acuatico en concentraciones de partes por billon (ppb) o partes por trillon (ppt).
Aunque estas concentraciones reportadas son mucho menores que las usadas en
aplicaciones médicas, los efectos adversos de su presencia son poco conocidos y no

pueden ser descartados.

La fotocatalisis heterogénea mediante TiO, es un proceso de oxidacion avanzado
que puede conseguir la completa oxidacion y mineralizacion de estos compuestos
organicos presentes en el agua. El 6xido de titanio (IV) en su forma de nanoparticula y
nanofibra ha sido ampliamente estudiado en condiciones de catalizador suspendido. Sin
embargo, la completa recuperacion de este catalizador para su posterior reutilizacion
supone actualmente un reto a escala industrial. Es por ello que, su fijaciéon sobre un
soporte inerte supone una alternativa de alto interés para solventar la mencionada
limitacion.

La presente tesis doctoral se ha centrado en la en la sintesis y caracterizacion de
nanofibras de TiO, para la posterior degradacion de cuatro farmacos modelo
(ofloxacino, acido clofibrico, diclofenaco ¢ ibuprofeno). Asimismo, se han utilizado dos
catalizadores adicionales como materiales de referencia en la de nanoparticula (P25) y
nanofibras. Previo a su uso como catalizadores, todas las muestras fueron sometidas a
analisis fisicos (area superficial BET, difraccion de rayos X y microscopia SEM), los
cuales mostraron diferencias significativas entre ellos. Sin embargo, las nanofibras de
TiO, preparadas se caracterizaron por mostrar la mayor capacidad de adsorcion
(estudiado mediante la isoterma de Langmuir) y de degradacion de los farmacos bajo
estudio a una concentracion de 10 pg L. A pesar de los buenos resultados obtenidos,
cuando dichos experimentos fueron realizados con una matriz de agua real, ninguno de
los tres materiales estudiados fue capaz de degradar los compuestos referidos

anteriormente.



Resumen

Adicionalmente, en el presente trabajo se estudia como uno de los farmacos
seleccionados (ofloxacino, OFX) se degradaba y se transformaba a lo largo del proceso
fotocatalitico. Para ello se han utilizado técnicas basadas en la espectrometria de masas,
concretamente la espectrometria de masas en tandem, la de alta resolucion y la de
movilidad i6nica. La combinacion de las tres técnicas persigue la caracterizacion de los
diferentes productos de transformacion (TPs) del OFX. Se utilizaron diferentes filtros
de tratamiento de datos para conseguir su rapida y selectiva deteccion. El analisis de los
datos permitid la identificacion de 59 productos de transformacion, proponiendo sus
estructuras quimicas asociada con el empleo combinado de las técnicas de tandem y de
alta resolucion. No obstante, la utilizacion de la técnica de movilidad iénica
acompafiada de los calculos tedricos permitié la confirmacion inequivoca de algunos de
estos compuestos isobaricos. El estudio de la aplicabilidad de dicha técnica de analisis
ha puesto de manifiesto su capacidad para la separacion de diferentes productos de
transformacion en la fase gas a pesar de su coelucion cromatografica y de su similitud
en los espectros de masas. Ademas ha demostrado ser una herramienta de alto valor

para la confirmacion de las estructuras quimicas que ya habian sido propuestas.

Después de la detection y la identificacion de los productos de transformacion del
ofloxacino, la investigacion se ha centrado en el estudio de la toxicidad de estos
productos generados. Dicha toxicidad ha sido evaluada mediante dos métodos
(endpoints): 1) luminiscencia, mediante la bacteria luminiscente Vibrio-fischeri y 2)
citotoxicidad usando tres lineas celulares humanas (HK-2, HepG2 y fibroblastos).
Ambos endpoints claramente han demostrado que la generacion de estos productos de
degradacion produce un incremento de la toxicidad, a pesar de encontrarse a
concentraciones bajas. Aun asi, la completa detoxificacion se ha podido conseguir
irradiando durante suficiente tiempo la solucion de estudio para asegurar la eliminacioén
de los productos de transformacion. A fin de estudiar la toxicidad individual de cada
uno de los TPs generados, el crudo de reaccidon obtenido se fracciond mediante un
HPLC semipreparativo. Sin embargo, la baja resolucion cromatografica obtenida y el
gran niimero de analitos presentes, complico. No obstante, se ha observado que s6lo una
de las fracciones experimentd un aumento de toxicidad. Actualmente, la sintesis
quimica de cada uno de los TPs identificados, parece la via mas factible para posibilitar
el estudio individual de los productos generados y asi estudiar sus posibles efectos sobre

el medio ambiente y organismos vivos.

-iv-



Abbreviations and acronyms

Abbreviations and acronyms

ADME
APCI
AEOPs
AOP
API
APPI
BDD
CI
COD
Cis

Cs

CB
CLOF
CCS
CID
COD
CYP450
CW

D. Magna
DAD
DART
DCF
DDA
DESI
DIA
DNA
EC

Adsorption, Desorption, Metabolism and Excretion
Atmospheric Pressure Chemical Ionisation
Advanced Electrochemical Oxidation Process
Advanced Oxidation Process

Atmospheric Pressure lonisation
Atmospheric Pressure Photolonisation
Boron-Doped Diamond

Chemical Ionisation

Chemical Oxygen Demand

Octadecyl stationary phase

Octyl stationary phase

Conduction Band

Clofibric acid

Collission Cross Section

Collission Induced Dissociation

Chemical Oxygen Demand

Cytochrome P-450

Constructed Wetland

Daphnia Magna

Diode Array Detector

Direct Analysis in Real Time

Diclofenac

Data Dependant Analysis

Desorption Electrospray

Data Independent Analysis
Deoxyribonucleic acid

European Commission
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Abbreviations and acronyms

ECD Electron Capture Dissociation

EHSS Exact Hard-Sphere Scattering

EQS Environmental Quality Standards

EQSD Environmental Quality Standards Directive

EI Electron lonisation

ESI Electrospray lonization

ESP Electrostatic Surface Potential

FIA Flow Injection Analysis

FLD Fluorescence Detector

FT-ICR Fourier Transform Ion Cyclotron Resonance

FWHM Full Width Half Maximum

GC Gas Chromatography

GC-MS Gas Chromatography coupled to Mass Spectrometry

Ha Hartree

HAc Acetic acid

HCD High Collision Dissociation

HILIC Hydrophilic Interaction Liquid Chromatography

HLB Hydrophilic-Lipophilic Balance

HRMS High-Resolution Mass Spectrometry

IBU Ibuprofen

ICso Half maximal Inhibitory Concentration

ICP-MS Inductively coupled plasma coupled to Mass Spectrometry

M Ion Mobility

IT Ton Trap

LC Liquid Chromatography

LC-MS Liquid Chromatography coupled to Mass Spectrometry

LC-MS/HRMS Liquid Chromatography coupled to Tandem High-Resolution Mass
Spectrometry

LIT Linear Ion Traps
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Abbreviations and acronyms

LOD Limit of Detection

LOQ Limit of Quantification

MF Microfiltration

MIP Molecular Imprinted Polymer

MISPE Molecular Imprinted Solid Phase Extraction
MRM Multiple Reaction Monitoring

MS Mass Spectrometry

MS/HRMS Tandem High-Resolution Mass Spectrometry
MS" Multiple Stage Tandem Mass Spectrometry
MTT 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenylformazan
NCE Normalised Collision Energy

NHE Normal Hydrogen Electrode

NMR Nuclear Magnetic Resonance

NF Nanofiltration

NFs Nanofibers

NPA Natural Population Analysis

NPs Nanoparticles

NSAIDs Non-Steroidal Anti-Inflammatory Drugs
OECD Organisation for Economic Co-operation and Development
OFX Ofloxacin

OFX-ds Ofloxacin-ds

PA Projection Approximation

PCA Principal Component Analysis

PVP Polyvinylpyrrolidone

Q Quadrupole

QqQ Triple Quadrupole

Q-ToF Quadrupole — Time of Flight

Q-TRAP Quadrupole — Ion Trap
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Abbreviations and acronyms

QuEChERS Quick, Easy, Cheap, Effective, Rugged, Safe
RANSAC RANdom SAmple Consensus

RNA Ribonucleic acid

RO Reverse Osmosis

ROS Reactive Oxygen Species

SEM Scanning Electron Microscopy

SIM Selected-Ion Monitoring

SPE Solid Phase Extraction

SRM Selected-Reaction Monitoring

TIP Titanium Isopropoxide

TiO, Titanium (I'V) oxide

™ Trajectory Method

TPs Transformation Products

Triton X-100 4-octylphenol polyethoxylate

TWIMS Tavelling Wave lon Mobility

ToF Time of Flight

UF Ultrafiltration

UHPLC Ultra High Performance Liquid Chromatography
UPLC Ultra Pressure Liquid Chromatography
V. fischeri Vibrio fischeri

VB Valence Band

XRD X-Ray Diffraction
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Chapter 1. Introduction

It all starts with education. Highly developed and industrialised societies have
traditionally viewed water as a plentiful, cheap and poorly considered resource if it is directly
compared to gas or electricity. However, this fact has come up to a point where it is no longer

valid.

With the increasing population growth and industrialisation experimented during the
last decades, a noticeable interest and awareness have arisen from both public and scientific
communities related to the environment and associated problems that did not exist before.
These uncontrolled growing patterns, in combination with poor environmental education and
the inexistence of governmental campaigns supporting water efficiency, have led to the
overexploitation of aquifers and other water resources. Moreover, climate change has not
helped at all to tackle this problem. Water scarcity and drought episodes have started to be
common phenomena in areas of the world that used not to have such these problems. These
water unavailability or restricted availability events were common in areas with low rainfall
in certain seasons but have converted to a serious problem in areas with high population
density, intensive irrigation and industrial activity. For instance, several studies have already
pointed out the possible outcome on water availability in the European Union (Figure 1.1) by

the year 2030.

Current water availability in European river basins Changes in average annual water availability under
the LREM-E scenario by 2030

Water 1| changes in
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Figure 1.1. Changes in water availability by year 2030. Source: European
environment outlook, N°4/2005 [1]

This continuous overexploitation and uncontrolled waste of natural resources, helped
with the inexistence of highly developed water treatment technologies, has been accompanied

with a growing anthropogenic contamination of the water resources. If water pollution is not
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Chapter 1. Introduction

(partially) reduced in the years to come, this may pose a relevant and serious environmental
and human health problem. The prevention of contamination was, and still is, far away from
becoming a reality, especially on those developed and highly industrialised cities and

countries.

A wide range of anthropogenic compounds are continuously detected in industrial and
municipal wastewater. Some of these compounds (both synthetic organic and inorganic
chemicals and naturally occurring substances) may pose severe problems in biological
treatment systems due to their resistance to biodegradation or/and toxic effects on microbial
processes. Amongst these chemicals, the discharge of heavy metals, fertilizers, pesticides,
pharmaceuticals (and their metabolites) and other consuming goods meant about 6-10° tones

in the year 2000 [2].

However, in the past 10 years, governmental organisations, with the help and assistance
of chemists, biologists and engineers, have finally put in practice new environmental policies
and legislations to achieve a higher control on the disposed water quality and use, giving
emphasis on the creation of lists of chemicals to be considered, in terms of concentration, to

be monitored in the coming years.

This is the case of the European Union, which, in 2000, launched a directive (directive
2000/60/EC [3]) establishing a framework for community action in the field of water policy.
In this first directive, the European Commission established the bases for the monitoring of
water quality: selection of monitoring sites, parameters to be monitored (oxygen content,
conductivity, etc.), monitoring of long term anthropogenically trends in pollutant
concentrations, etc. Hence, this first directive included a list of 45 substances consisting in
heavy metals (and metal complexes) and organic compounds (specific molecules or families
of chemicals). However, this directive only focused in the inclusion of these substances but

did not specify the maximum allowed concentration in the monitored water.

It was in 2008, however, when the EU launched a reviewed version of that of 2000,
(directive 2008/105/EC [4]; (the Environmental Quality Standards Directive, EQSD)), to
ensure the identification and quantification of a reviewed list including, this time, 33
substances to be monitored (12 less than listed in directive 2000/60/EC). This directive,
however, annexes 13 chemicals subject to be considered priority substances or priority
hazardous substances in reviewed directives, which included a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), glyphosate and dioxins, amongst others.
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Chapter 1. Introduction

The Commission conducted a review of the list of priority substances in 2013, directive
2013/39/EU [5], reaching the conclusion, with the support from the scientific committee on
health and environmental risks, that it was needed to modify the list of priority substances by
identifying new substances for priority action at the Union level, also setting the
environmental quality standards (EQS) for those newly identified substances, and submitting
to revision the EQS for those substances already included in the past directive. Hence, this
directive included, another time, the presence of 45 chemicals to be monitored and quantified
(Figure 1.2). Surprisingly though, was the maximum allowed concentration of some
chemicals, for instance benzo(g,h,i)-perylene, cypermethrin, dichlorvos, heptachlor and
heptachlor epoxide, which ranged from 3-10”to 8:10 pg L™, concentrations completely out

of the scope of cutting-edge analytical platforms.

m spedific molecules
m group of molecules

» heavy metals and
derivatives

Figure 1.2. Distribution of chemicals as described by directive 2013/39/EU.

Both 2008 and 2013 directives settled up several mechanisms by which the European
Commission, in the coming years after both directives were launched, should create a “watch
list” that would be used as an instrument to require temporary monitoring (up to 4 years).
This list would include other substances (up to a maximum of 10 substances or group of
substances, not the already included priority substances) for which experimental evidences
suggested a possible risk to or via the environment. The latter goal of this watch list was to
inform on the selection of additional priority substances to be included in revisions of the
latest EU water framework directives. These “other substances” were aimed at emerging
pollutants for which the available monitoring data was either insufficient or of insufficient
quality for the purpose of identifying the risk posed across the EU. This list could increase by

one at each update, up to a maximum of 14 substances or groups of substances.

This came into a reality in 2015 (Decision 2015/495 [6]) when this directive included
the chemicals listed in Table 1.1. The EU experts committee, however, had already chosen,

in the 2013 Directive and before the creation of the first watch list, three chemicals that
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should be included in the first watch list to facilitate the determination of appropriate
measures to address the risk posed by those substances: the natural hormone oestradiol (E2)
and two pharmaceuticals, the anti-inflammatory diclofenac and the synthetic hormone ethinyl

oestradiol (EE2), used in contraceptives.

Table 1.1. List of chemicals included in the first watch list.

Diclofenac

17-Beta-estradiol (E2), Estrone (E1)
17-Alpha-ethinylestradiol (EE2)
Oxadiazon

Methiocarb
2,6-ditert-butyl-4-methylphenol
Tri-allate

Imidacloprid, Thiacloprid, Thiamethoxam, Clothianidin,
Acetamiprid

Erythromycin, Clarithromycin, Azithromycin

2-Ethylhexyl 4-methoxycinnamate

The main criteria used for inclusion in the initial list of candidate substances were:

1) The substance was suspected of posing a significant risk to, or via, the aquatic
environment

2) There was not enough information: insufficient monitoring data or data of
insufficient quality, nor sufficient modelled exposure data to decide whether to prioritise the

substance.

Hence, an initial list of 43 substances was created, including pharmaceuticals such as
ofloxacin, ciprofloxacin, ibuprofen, etc., heavy metals (zinc and its compounds) and
chromium, amongst other chemicals. 16 substances were then de-selected based on
availability of sufficient monitoring data. The final dataset (Table 1.1) was obtained after
studying the substance-specific hazard data and information on exposure to the substance in

or via the aquatic environment.

It is for this reason that governments have also invested large amounts of money in
education campaigns supporting water efficiency and in developing or improving water
treatment technologies able to handle with environmentally relevant pollutants. These
technologies are not only expected to provide efficiency but also to be environmentally and

health friendly (ecosystems and humans). The main processes involved in the removal of
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micropollutants are biological, chemical transformation (activated sludge, membrane
bioreactors, advanced oxidation processes), and sorption (pollutants are removed by the
adhesion to a sorbent but they are not degraded), all summarised in Figure 1.3. Table 1.2
lists advanced oxidation processes (AOPs) employed for the removal of environmentally
relevant organic compounds. In recent years, advanced oxidation processes (destroying
organic pollutants using free radicals), has proved to be an useful degradation technique,
likely to be used and installed in wastewater treatment plants. These AOPs will be further

reviewed in section 1.2.1.3, on the removal of organic compounds from water matrices.

Incineration Wet oxidation

H,0,
Fenton

AOPs
Biological | Biological treatments
Ozonation treatments
UV/H,0,
Photo Fenton
Photocatalysis

COD (mg L)

Flow rate (m?3 h™)

Figure 1.3. Current wastewater treatment technologies as a function
of pollutant load and water flow to be treated.

The existing technology, however, lacks of flexibility and adaptability in terms of
pollutants nature, concentration load of these pollutants, water volume and flow to be treated.
Hence, current research is devoted to the adjustment of such flexibility in water treatment
conditions, also enabling combinations of biological and/or chemical treatments in order to

achieve higher degradation rates and their easy incorporation to wastewater treatment plants.
1.1. Pharmaceuticals in the environment

The advances made over the last century by the scientific and medical communities are
out of question. Both communities have been the responsible for the observed increase in life
expectancy in developed countries [7]. Some researches evidenced that, in combination with
medical technology, the great development and investment done in the pharmaceutical
industry over the past 20 years (Figure 1.4) has been the main reason for this increase in life

expectancy all over the world.
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Table 1.2. Current AOPs available for wastewater treatment.

AOP Oxidation basis
Ozone-based 03/UV
03/H,0,
03/H,0,/UV
Heterogeneous photocatalysis Catalyst/Uv-Vis

Catalyst/Uv-Vis/H,O,

Homogeneous photocatalysis Fenton (H,O,/Fe*")

Photo-Fenton (H,0,/Fe*’/UV)

Photochemistry processes H,0,/Fe*"/UV

Sub-critical wet air oxidation H,O/Temperature/Pressure

Ultrasounds oxidation Ultrasounds/H,O
Ultrasounds/H,O,
Ultrasounds/O3

Electrochemical oxidation Pt, TiO,,IrO,, PbO,, BDD/H,0O

Pt, TiO,,IrO,, PbO,, BDD/H,0,/Fe**

47,051 (=)
AD 6B 40,737
40,000 :
31,500 [g)

30,000

: 21,364
20,000 7249

: 14,953

L 7766
10,000 g @o3

: ~_ 5,161 1462

0] l I ......... ne
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]
* Note: Brrope-€ million; USA: § milion; dnpan:¥ milion x 100
(E]: estimate Eurcpa USA Japan

Source EFPIA member associations, PhRVA, JPALA

Figure 1.4. R&D investment in pharmaceuticals in the EU, USA and
Japan. Adapted from European Federation of Pharmaceutical
Industries and Associations report 2016 [8]

But, what is a pharmaceutical?

According to the latest version of the Directive 2001/83/EC3 [9], Directive 2004/27/EC

[10], on the Community code relating to medicinal products for human use:
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“a) Any substance or combination of substances presented as having properties for

treating or preventing disease in human beings, or

b) Any substance or combination of substances which may be used in or administered
to human beings either with a view to restoring, correcting or modifying physiological
functions by exerting a pharmacological, immunological or metabolic action, or to making a

]

medical diagnosis.’

The increasing research and efforts done in this field have led to the development and
availability and authorisation of three thousands active pharmaceutical ingredients (APIs)
which are currently authorised in the EU market (4000 worldwide), with an overall
consumption of about 100,000 tons or more every year [11]. Moreover, recent reports
published by the Organization for Economic Co-operation and Development (OECD) in 2015
[12] points out the growing demand and expenditure of pharmaceuticals to treat chronic
diseases (cancer, diabetes and mental illness), population ageing, changes in clinical, etc.
However, this tendency changed in years comprised from 2009 to 2014, as depicted in
Figure 1.5. The average annual growth rate for the overall European Union experimented a
1.4% increase per year in the 2005-2009 period (pre-crisis), while dropped by 1.1% in the
same period comprising the years 2009-2014. This reduction was significantly high in Greece
(-8.5%), Portugal (-7.5%) and Denmark (-5.3%), mainly attributed to cutbacks done by local

governments during the economic and financial crisis.

m2005-09 02009-14

n

N

Figure 1.5. Pharmaceutical consumption in the EU (2005-2014). Adapted from
OECD report [11].

These pharmaceuticals can be classified as: hormones, anti-cancer, antidepressants,

antibiotics, etc. Pharmaceuticals and their related products (transformation products and
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metabolites) have been detected in such a wide variety of environmental samples such as
surface water, groundwater, soil, air, biota and in wastewater [13—18] at concentrations

ranging from ng L™ to pg L' levels.

Pharmaceuticals and related products can enter the environment via different sources
such as manufacturing facilities, hospitals, agricultural, domestic use (consumption) and
improper disposal. However, it is assumed that, and mainly because the elevated price of the
active ingredients, pharmaceutical disposal done by pharmaceutical industries is negligible
[19,20]. Moreover, these production facilities employ good manufacturing practices (GMPs),
comply with environmental legislations and try to recover active pharmaceutical ingredients

[19,20].

Hence, it is therefore after consumption, and once pharmaceuticals are excreted as a
mixture of parent compounds and metabolites (both biological active and inactive), that
pharmaceuticals are emitted to the sewage system. These compounds may then be released to
surface waters or enter terrestrial systems through sewage effluent and/or sludge, when used

for irrigation or as a fertiliser to agricultural land.
Pharmaceuticals under study in this PhD thesis

The present PhD thesis has focused on the study and the removal by advanced
oxidation processes of four pharmaceutical drugs belonging to three different drug families:
ofloxacin (fluoroquinolones), clofibric acid (fibrates), diclofenac and ibuprofen (NSAIDs

(non-steroidal anti-inflammatory drugs)).

Fluoroquinolones are a wide class of antibacterial agents used for human and veterinary
applications. Fluoroquinolones are photolabile compounds that absorb photons within the
range of natural sunlight, being able to generate reactive oxygen species (ROS), causing
DNA damage and genotoxicity on eukaryotic cells. As a consequence, they can
photosensitize red blood cells, decrease cell viability, induce lipid peroxidation and DNA
strand-breaks in in-vitro and in-vivo tests [21-25]. Fluoroquinolones inhibit DNA gyrase, a
type Il topoisomerase, and topoisomerase IV inhibiting cell division [26]. They display high
activity not only against bacterial topoisomerases [27], but also against eukaryotic
topoisomerases [28]. Ofloxacin (Figure 1.6) is a second-generation fluoroquinolone used to
treat mild to moderate bacterial infections and it is always administrated when less toxic

fluoroquinolones have not been successful in treating the bacterial infection.
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Clofibric acid (Figure 1.7) belongs to the family of fibrates which medical use is
intended to lower plasma lipids, mainly triglyceride levels. In the 1980s, clofibric acid was
banned or highly restricted because the high mortality rate attributed to clofibric acid and
cancer enhancement. Clofibric acid was the first pharmaceutical drug to be detected in water
in the 1950s by Hignite and Azarnoff [29] and has an estimated persistence in the
environment of 21 years. Moreover, it is still detectable in lakes and rivers after its

withdrawal from the market.

pKa; = 6.08 and pKa, = 8.25 [30];

Ka=2.84 32
pKa, = 6.10 and pKa, = 7.99 [31] pKa =2.84 [32]

(0] (0]
F OH v
| @)
JO R
K\N N
AN o Cl
Figure 1.6. Ofloxacin chemical structure Figure 1.7. Clofibric acid chemical structure

Ibuprofen and Diclofenac (Figures 1.8 and 1.9 respectively) are well known
pharmaceuticals commonly used for the whole society as pain killers. Both chemicals belong
to the family of NSAIDs (non-steroidal anti-inflammatory drugs). Their consumption and
market sales represent the 40 % of the available NSAIDs [33-36]. These pharmaceuticals
have vastly demonstrated their efficacy in the management of pain and for their analgesic and
anti-inflammatory properties, being used by more than 30 million people every day all over
the world. NSAIDs inhibit the biosynthesis of prostaglandins by preventing the substrate
arachidonic acid from binding to the COX enzyme active site [37,38].

pKa = 4.54 [39] pKa =4.19 [39]

HO_ _O cl
0
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Figure 1.8. Ibuprofen chemical structure Figure 1.9. Diclofenac chemical structure
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1.2. Removal of pharmaceuticals

As it has been already mentioned along the present chapter, governmental institutions
have invested large amounts of money on the investigation and development (or optimisation
and scale-up) of water treatment technologies capable of removing pollutants (both organic

and inorganic) from industrial and urban wastewaters.

The recovery and reutilisation of urban and industrial wastewaters have been and still is
one of the pillars and main topics of current investigation done in this field. These researches
and projects not only focus on the removal of regulated organic and inorganic pollutants but
also ensure the recovery of energy and the re-use of chemicals and nutrients. That is the
reason why, the European Union, for example, has invested more than 2400 Million euros in
the past nine years (Figure 1.10) in “Water” calls. This chart represents all the investment
done under the challenge “Climate action, environment, resource efficiency and raw

materials” from both FP7 framework (2007-2013) and Horizon 2020 projects (2014 to date).

400
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Figure 1.10. Budget for financed european projects under the
FP7 and H2020 frameworks.

Along the mentioned years, EU funded projects not only have centred their
investigations on basic research (new technologies, approaches, etc.) but also have had to
come up with new ideas for bringing new or conventional water treatment technologies
available to the market. Hence, sections 1.2.1 and 1.2.2 of this introductory chapter will
review the main wastewater treatment technologies with higher TRL (Technology Readiness
Level) or technologies that have demonstrated promising results at laboratory scale and that

should be available in the market in the coming years.
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1.2.1- Non-biological treatments
1.2.1.1- Membrane technologies

The recovery of urban and industrial wastewater has been identified as a viable way for
the reutilisation of water, for the preservation of natural resources and to reduce the
consumption of fresh water. In this way, water treatment technologies based on membrane
processes have been vastly studied and applied in wastewater treatment plants, achieving

satisfactory results in the reutilisation of industrial wastewater [40—46].

Reverse osmosis (RO) has been identified as the best technology for water purification
and its later reutilisation in such a wide variety of applications where the complete removal of
total dissolved solids (TDS) and pollutants is required [40-48], such as drinking water,

military uses, food industry, etc.

Fouling, however, is the worst enemy of reverse osmosis membranes [49—53]. The
accumulation of particulate matter in the membrane surface reduces their lifespan, making
the whole treatment process unviable due to the high costs associated. In order to prevent (or
reduce) this phenomenon, low-pressure filtration membranes such as those used in
microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF) are used as pre-filters of
reverse osmosis. In comparison to conventional water pre-treatments, based on the use of
chemicals, these MF and UF treatments not only provide a water of higher quality but also

reduce energy consumption and costs (both operation and maintenance).

RO fouling is mainly controlled by the cited pre-treatments and the wastewater
treatment plant design. Amongst all parameters that can be changed to prevent fouling, pH,
temperature and water flow rate have the deepest weight on the lifespan of RO membranes.
Moreover, these membranes can be treated with chemicals such as ammonia and sodium
hypochlorite to prevent biological contamination, as stated by De la Torre ef al. [54] , which

attributed the formation of chloroamines to the enlargement of RO’s membranes life.

However, with the increasing needs of water purification by means of reverse osmosis,
it has been vastly demonstrated in industrial applications the extended lifespan of RO
membranes when used in combination with MF or UF membranes as pre-filters. In addition
to fouling reduction, these pre-filters decrease the cleaning, disinfection and substitution
needs of RO membranes, thus, making the whole process more efficient and economically

viable. UF is particularly interesting as a previous step of RO in order to reduce turbidity

13-



Chapter 1. Introduction

(<0.1 NTU), the total content of suspended solids (TSS), pathogen organisms (virus, coliform

bacteria, amongst others) and particles (algae, bacteria, microorganisms, etc.).

Several strategies [55—63] have been investigated and adopted to improve the lifespan

of these membranes, which include:

° The use of acids and bases to clean UF membranes. For instance, sodium
hydroxide is commonly employed to remove organic matter, colloids and silicates and
hydrochloric and sulfuric acid are commonly employed for the removal of inorganic
chemicals. The combination of alkali-acid-alkali has been reported to favour and improve the
reuse of these membranes through a high number of cycles.

° The introduction of oxidising agents such as hydrogen peroxide and sodium
hypochlorite have been used to remove organic matter and bio-fouling. Amongst them,
sodium hypochlorite offers better results and it is more efficient at higher pH.

° The application of air scour. This method has been widely employed since it does
not require the use of chemicals for the removal of the fouling deposited onto UF
membranes. This technique consists in the injection of air to the filter so the filter bed
expands, forcing accumulated particles to be into suspension.

° Backwashing refers to pumping water backwards, during a certain amount of
time, so the filter or membrane in operation can be successfully cleaned, thus improving its
filtering and cleaning capacities. Backwash water is then collected and stored for its latter
treatment, since its discharge is highly regulated and discouraged.

° The application of ultrasounds. In a similar way as occurred with the Air Scour
technique, the use of high frequency pulses forces particulate matter adsorbed onto

membranes to desorb.

1.2.1.2- Adsorption materials

Amongst all water treatment technologies, adsorption phenomena based on materials
with high-adsorption capabilities are the most used in industrial applications due to its
simplicity, easy manipulation and low price. This technique is especially interesting for the

separation, extraction and valorisation of heavy metals in industrial and urban wastewaters.

Several materials have been studied and widely employed as industrial solid adsorbents
for this kind of applications, such as activated carbon (both mineral and vegetal origins),
zeolites, metallic oxides and resins [64—72]. Even though these materials have high adsorbent

capacities (1000-3000 m? g™, these are usually expensive and non-selective, thus, disabling
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the possibility of recovering compounds of interest such as heavy metals, rare earths and

precious metals.
Activated carbon

Activated carbon is, by far, the adsorption material mostly employed for the removal of
chemical substances (both organic and inorganic) contained in water and air [69-73]. Its
installation and implementation in wastewater treatment plants is rather new and dates back
to 1920-1940 in Europe and the United States. At the very beginning, this material was used
as a purification and separation technology, mainly used as filters. It was in the late 60s —
early 70s when activated carbon was found to be efficient at removing a broad spectrum of

chemicals.

The manufacturing process of activated carbon consists of two phases: carbonization
and activation. The first step involves the pyrolysis, up to 600-900 °C, of the carbon-rich
material (coal, peat, or any other rich-carbonaceous material) in an inner atmosphere. Once
the material is thermally treated, the material undergoes activation through different methods:
gas or chemical treatment. Gas activation consists in the oxidation of the material under a
heated oxygen stream (900-1200 °C) so the oxygen can bond to carbon. If the chemical
treatment is to be done, carbonization and activation occur at the same time. The rich-
carbonaceous material is submerged into a bath of acid or base. The whole bath is then heated

up to 450-900 °C, obtaining the final product in this one-step synthesis.

Activated carbon is applied in two forms; powdered (PAC) and granular (GAC) in
packed bed filters. Several authors have largely demonstrated the removal efficiency. For
instance, Katsigiannis et al. [70] mostly achieved the complete removal of bisphenol A,
triclosan, ibuprofen, naproxen and ketoprofen using bed depths ranging between 4 and 16 cm
of GAC. On the other hand, Margot ef al. [72] compared the efficiency of PAC beds to
conventional wastewater treatment plants and ozone for 70 micropollutants at pug L
concentration levels. Their results showed enhanced removal rates compared to WWTPs and

equivalent removal rates in respect to ozone-based technologies.
Molecularly imprinted polymers

Contrary to activated carbon, which is a general and non-specific sorbent, molecularly
imprinted polymers (MIPs) represent an alternative and interesting material for the selective

recovery of both organic and inorganic compounds.
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Molecularly imprinting is not new and the first publication dates back to 1931, when
Polyakov et al. [74] carried out the first investigations using silicones for their latter use in
chromatography applications. Research continued while in 1972, two independent groups,
Klotz et al. and Wulff et al. [75] used this technology on synthesised organic polymers. In
both studies, molecular recognition was done by covalent interactions. It was not until 1994,
when Mosbach ef al. [76] established a new methodology to obtain MIPs whose molecular
recognition was based on electrostatic interactions or hydrogen bonding. Nowadays, most of

the published records on MIPs are based on this synthesis method and molecular recognition.

MIPs are obtained in a cost-effective and easy way and starts by the polymerisation of a
monomer  (2-vinylpyridine,  4-vinylpyridine, = m-divinylbenzene, p-divinylbenzene,
methacrylic acid, etc.) in the presence of the template (the target molecule or complex to be
recognised by the synthesised polymer). It is this step where the electrostatic and hydrogen
bonding interactions start to occur. In this reaction, a cross-linker is usually used to give the
polymer more stiffness and porosity. Finally, this template is removed from the polymer
matrix leaving available specific sites for the latter recognition of the imprinted molecule or

complex (Figure 1.11).

Template

AR > L1 a

Figure 1.11. Scheme on MIPs molecular recognition.

Even though MIPs have not extensively been used for industrial applications, some
researches have conducted the selective recovery of heavy metals in water [77—79], but more
efforts have to be driven towards their implementation for the selective recovery of more than
two elements simultaneously. Moreover, their extensive applicability has already been
demonstrated in such a wide variety of investigation fields, such as aminoacid detection [77—
79], explosives [80], pesticides [81], etc. as well as on-line sensors [82]. Even though they
have not been designed for wastewater treatment plants, an alternative application is devoted
to chromatography, electrophoresis and solid phase extraction (SPE) [83-87]. This last
possible use has led to a wide number of scientific publications due to the high interest of

separating, recovering and concentrating target molecules of interest.
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1.2.1.3- Advanced oxidation processes

Advanced oxidation processes (AOPs) are chemical treatments designed to non-
selectively remove organic and inorganic pollutants in water. They are all characterised by
the in-situ generation or radical species of high oxidising power, mainly the radical hydroxyl
(*OH), E°Nxue (*OH/H,0) = 2.80 V versus NHE (normal hydrogen electrode). This kind of
processes have been of special interest for those pollutants that, with conventional water
treatments such as membranes or biological treatments, have been found to present a high

chemical stability and/or strong difficulty to be completely mineralized.

Most of the studied AOPs operate at, or near operate, at room temperature and
atmospheric pressure. AOPs can be classified according to the reaction phase (homogeneous
or heterogeneous) or on the way the hydroxyl radical is generated (chemical, electrochemical,
photochemical, etc.). Some of the most developed AOPs include: heterogeneous
photocatalysis with TiO; (it can also be assisted with the addition of H,O,; (TiO,/H;0,)),
ozone based technologies (also assisted with the addition of H,O, (O3/ H,O,) with or without
UV with the irradiation of UV light (O3/H,0,/UV), H,0,/UV, and Fenton like reactions, such
as Fenton, photo-Fenton and electro-Fenton. The way on which each of these mentioned
techniques remove organic pollutants is based on the non-selective attack of the radical
hydroxyl, but differing in how this in-situ generation of the *OH is performed (explained in
detail in the coming sections), giving an intrinsic versatility to advanced oxidation processes.
Table 1.3 shows some examples on the AOPs technologies employed for the degradation of

the chemicals under study.

In order to increase the purification efficiency, the integration of biological treatments
as a previous or post AOP step has been explored and successfully applied [88-90],
exploiting the individual potentialities offered by both treatments. However, the main goal
should be focused towards the minimisation of the AOP in front of the biological stage, while
being able to reduce at maximum the use of chemicals and energy consumption. Another
issue concerning AOPs applicability is that referring to the organic load, expressed as COD
(chemical oxygen demand). Only wastewater with small COD contents (<5.0 g L™") can be
suitably treated by means of these oxidation techniques. Higher COD contents would require

the consumption of higher amounts of chemicals and energy consumption.
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1.2.1.3.1.  Fenton process

The water treatment process based on the Fenton reagent is nowadays one of the most
used technologies for the purification of industrial wastewaters [91-99]. The oxidative
properties of hydrogen peroxide with Fe?" salts were first discovered by John Horstman

Fenton in 1894 [100].

This oxidative method is carried out at pH 3 and consists in the addition of hydrogen
peroxide with catalytic amounts of a Fe** salt (this mixture is known as the Fenton reagent)
generating the radical hydroxyl. This process can be carried out in the absence of light
(Fenton process) or light-assisted (photo-Fenton). Hence, the Fenton reaction is described as
Equation 1.1. Fe (1) is oxidised to Fe (III) while H,O is reduced to the hydroxide ion and
hydroxyl radical [101]:

Fe?* + H,0, — Fe3* + OH™ + °OH Eq. 1.1

Moreover, the ferric ion, Fe*", can be reduced back to the ferrous ion, Fe?", by a second
molecule of H,O, (Equations 1.2 and 1.3). This reduction step, however, is much slower
than the initial step. Different ways of accelerating the auto-catalytical process include the
irradiation of the overall solution with UV light (photo-Fenton, depicted in Equations 1.4
and 1.5)) or the application of a voltage to promote the electrochemical reaction, also known

as the electro-Fenton reaction [101-103].

Fe3*+ > Fe?* + HY + HO; Eq. 1.2
Fe3* + HO; - Fe?* +H* +0, Eq. 1.3
Fe(OH)?** S Fe?* + *0OH Eq. 1.4
H,0, 32 *0H Eq. 1.5

Hence, the overall Fenton process is considered to be a catalytical process, requiring an
excess of hydrogen peroxide to generate the ferrous ion. Moreover, any residual hydrogen
peroxide that is not consumed in the process will decompose into water and molecular

oxygen, thus, being a "clean” reagent by itself.

The Fenton process major drawbacks reside in its inhibition by dissolved salts that may
be present in the water to be treated. For instance, the presence of the chloride or sulfate ions
has been extensively reported to drastically reduce the degradation rates of organic

compounds in the water matrices of study [97,104,105]. This has been mainly attributed to
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the complexation of the ferrous ion inhibiting the generation of the hydroxyl radical.
Moreover, the degradation rates can also be affected by the presence of ions inhibiting the
radical chain, also known as scavengers, mainly carbonate and bicarbonate ions. These ions
react with the radical hydroxyl (Equations 1.6 to 1.9) generating non-oxidising chemicals,

terminating the overall oxidative process [106—110].

‘OH + HCO3; — H,0 + CO5~ Eq. 1.6
‘OH + C05~ - "OH + CO05~ Eq. 1.7
*OH + Cl~ - [CIOH]*~ Eq. 1.8
*OH + HSO; - H,0 + S0;~ Eq. 1.9
1.2.1.3.2.  Ozone based processes

Due to the high oxidising power of ozone (E” = 2.07 V versus the NHE), ozone-based
technologies have been widely employed for the treatment of industrial and urban
wastewaters [111-114]. Ozone is usually produced in-situ by the application of a high-

voltage electrical discharge in the presence of air or pure oxygen at atmospheric pressure.

Ozone based processes oxidises organic compounds in two different mechanisms:
direct and indirect oxidation. Via direct oxidation, dissolved ozone molecules selectively
react with unsaturated bonds of organic compounds. The reaction rate depends on the type of
compound, but generally, degradation rates fall in the range of 1 to 10° M's™ [115,116].
These degradation rates, however, are much lower than those found in other AOPs processes
governed by the hydroxyl radical with degradation rates ranging 10° to 10° M™'s™ [115,116].
This direct oxidation can be accelerated if the organic compounds to be treated contain
electron-supplying substituents, like hydroxyl or amine groups, as reported by Gottschalk
[117]. Indirect oxidation involves the generation of the hydroxyl radical and the latter attack
to organic molecules present in the water to be treated. It can be generated through three
different mechanisms: ozonation, the peroxone process (O3;/H,O;) and light-assisted

ozonation (O3/UV).

The overall reaction, summarising the complex mechanism, by which the hydroxyl

radical is generated in direct ozonation can be depicted by Equation 1.10:

305 + Hy0 > 2 "OH + 40, Eq. 1.10
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The presence of other oxidants or irradiation, can significantly improve the *OH yield.
For instance, the so-called peroxone process (O3/H,0;) takes advantage on the utilisation of
hydrogen peroxide for enhancing the production of the radical hydroxyl, (Equations 1.11
and 1.12) [115,118,119]. In this process, the radical hydroxyl formation is mainly promoted
by the hydroperoxide (HO, ) ion produced from the decomposition of H>O,.

H,0, - HO; + H* Eq. 1.11

HO; + 05 » "OH + 05 + 0, Eq. 1.12

In light-assisted ozonation (Os/UV), hydrogen peroxide is produced through the
photolysis of ozone (Equation 1.13). Then, the reaction mechanism follows the steps
described in Equations 1.11 and 1.12. Moreover, the radical hydroxyl can also be generated

by the photolysis of hydrogen peroxide (Equation 1.5)
03 + H20 + hv - H202 + 02 Eq. 1-13

1.2.1.3.3.  Photocatalysis

The first step of any photocatalytic process is the excitation of the semiconductor with a
photon of energy equal or greater than the band gap energy. If that happens, an electron, ¢, is
promoted from the valence band (VB) into the conduction band (CB) generating a hole (/")
behind. A brief scheme of all reactions taking place is shown in Figure 1.12. Briefly, both
electron and hole can follow different steps: surface recombination (step a), bulk
recombination (step b), migration to the semiconductor surface (steps ¢ and d), and trapping
by (adsorbed) substrate molecules. After the absorption of the photon by the catalyst’s, the
formation of the hole — electron (A" - ¢") pair occurs in 10™'° seconds. Once charge separation
is done, some of them migrate to the catalyst’s surface (steps a, ¢ and d) and others migrate to
the inner of the catalyst’s structure (step b). Independently whether these charges have
migrated to the inner of the catalyst or to its surface, charge recombination (steps a and b) is a

phenomenon that occurs in the nanosecond time scale with heat dissipation.

If a suitable surface defect is available to trap charge carriers, charge recombination
may be prevented and redox reactions may take place. It is for this reason that the presence of
electron scavengers is of great importance for prolonging their recombination and successful

functioning of the photocatalysis process.
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e +'R +H' — RH
e, +H0, — 'OH + OH

SIh 05 o;-  Acceptor

Acceptor

Donator %

hy' +RH ——= R+ H'
by + Hy0 ——» “OH + H'

he” + 07— 10,

o
Donator

Figure 1.12. Reactions and processes occurring in TiO, photocatalysis.
Reprinted with permission from Clusellas et al. [120].

For instance, the hole may react with a donor molecule (step c¢) like organic molecules
or OH groups while conduction band electrons can reduce electron acceptors (step d), like
oxygen molecules or protons. It is for this reason that photogenerated holes are powerful
oxidising agents (+1.0 to 3.5 V versus the normal hydrogen electrode (NHE) depending on
the semiconductor and pH), while the electrons are good reductants (+0.5 to -1.5 V versus
NHE). Hence, the reactions mostly accepted for the generation of reactive oxygen species

(ROS) are summarised in Equations 1.14 to 1.18.

03 (aas) + etr = 03 (aas) Eq. 1.14
02 (adsy + eer = 02 (aas) Eq. 1.15
03 (aas) + M = 02 (aas) (Ec.) Eq. 1.16
H,0, + efy > "OHaas) + OH(gqs) (Ec.) Eq. 1.17
Hy0; + hiy > "OH(aas) + Hizas) (Ec.) Eq. 1.18

Bearing in mind the generation of the electron-hole pair after the photocatalyst
excitation and the later formation of reactive oxygen species, it is of sum interest to know
how organic matter can be treated by means of the mentioned processes. The first mechanism
involves the adsorption of the organic matter onto the catalyst’s surface and consecutive

oxidation or reduction of the superficial holes or electrons (Equations 1.19 and 1.20).

RH(ads) + hg—r - .R(ads) + H(+ads) Eq. 1.19

'R(ads) +H* + e = RH(ads) (EC) Eq. 1.20
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The second mechanism refers to the indirect oxidation of the organic molecules in
dissolution via the attack of the reactive oxidising species generated in Equations (1.21 to
1.23). Amongst all the oxidising chemical species produced in Equations 1.14 to 1.18, the
radical hydroxyl is the most oxidising one, thus, being the most important for the later
degradation of the organic chemicals dissolved in water. The main mechanism by which the
hydroxyl radical attacks organic matter is the abstraction of a hydrogen atom leaving behind
organic radical species (Equation 1.21). Other pathways include the electronic transference
from the organic matter to the hydroxyl radical (Equation 1.22) or the electrophilic addition
of the eOH to unsaturated bonds (Equation 1.23), in the same way as it would happen in an

electrophilic aromatic substitution.

‘OH + RH -» R* + H,0 Eq. 1.21
‘OH+RX - RX"+ OH™ Eq. 1.22
R R R R

. \ .
>:< + HO —— /C%OH Eq.1.23
R R R R

When reaching high concentrations of the radical hydroxyl, this can evolve into the
generation of hydrogen peroxide (H,0,), Equation 1.24, radical hydroperoxide (HO,®),
depicted in Equation 1.25. This last radical, however, shows little oxidising power compared
to radical hydroxyl, thus, representing an insignificant contribution to the degradation of the

organic pollutant.
*OH + °0OH - H,0, Eq. 1.24
*0OH + H,0, » H,0 + HOj Eq. 1.25
The reactions, rates and extent of reactions shown will strongly depend on the nature of

the photocatalyst because of the absolute energy levels of both valence and conduction bands

versus the oxidation and reduction potential of the redox half-reaction.
1.2.1.34. Advanced electrochemical oxidation processes (AEOPs)

Advanced electrochemical oxidation processes, such as electro-oxidation (EO),
electrochemical coagulation (EC) and electrochemical flotation (EF) have received an
increasing interest by the scientific community in recent years, since they have been applied
to treat wastewaters, disinfect drinking water or enhance the remediation of polluted soils.

Amongst them, electrochemical oxidation (EO) is the AEOP technique receiving the greatest
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attention and interest in wastewater treatment from the scientific community. Hence, this

technique will be the only AEOP deeply reviewed in the present chapter.

° However, all these technologies offer several benefits and advantages against the
already reviewed AOPs [121-125].

° Versatility: several techniques can be applied such as direct and indirect
oxidations and reductions, phase separations, biocide functions, etc. Moreover, contrary to
what has been reported to AOPs, AEOPs can be submitted to wastewater containing a
pollution load, expressed as COD, ranging 0.1 to 25 g L™ COD.

° Green technologies: since the principal reagent is the electron (green reagent),
there is little or no need of using chemicals to facilitate water treatment.

° Cost-effectiveness: are energetically favourable, since they can operate at room
temperature and pressure conditions.

° Simple operation: the electrical variables used in the electrochemical processes
(current density and voltage) are particularly suited for facilitating data acquisition, process

automation and control

Electrochemical oxidation

EO of pollutants can occur directly at anodes as a result of the in-sifu generation of the
radical hydroxyl (or other oxidising species) through electrochemical oxidation of adsorbed
water (Equations 1.26 — 1.28). Due to the fact of using anodes with oxygen overpotential,
reaction 1.28 is significantly lower than reaction 1.26, favouring the generation of the
radical hydroxyl (equation a, Figure 1.13). However, most of the generated *OH is adsorbed
onto the anode’s surface, therefore, its reactivity will strongly depend on the nature of this
material. In this way, two classes of anodes can be distinguished: “active’” and ‘‘non-active’’
anodes. Figure 1.13 shows the mechanistic scheme of the oxidation of an organic compound

using anodes with oxygen overpotential.

H,0 (ads) » "OH (ads) + H*(ads) + e~ Eq.1.26

‘0OH (ads) - 1/2 0,(ads) + H*(ads) + e~ Eq. 1.27

H,0 (ads) - 1/2 0,(ads) + 2H*(ads) + 2e~  Eq.1.28
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H20

H*+e~ ?/  mCO2+nH0
+HY+e”

H*+e
Figure 1.13. Reactions and processes occuring under
indirect oxidation of organic compounds.
Adapted from Marselli et al. [126].

Active electrodes such as Pt, IrO,, and RuO, are characterised by their strong
interaction between the electrode (M) and the hydroxyl radical. This kind of anodes favours
the evolution of the radical hydroxyl to oxygen. Adsorbed hydroxyl radicals interact with the
anode, forming the so-called higher oxide MO (equation c¢). Hence, the redox couple MO/M
acts as the mediator in the oxidation of the organic molecule (equation f), being in

competence with the decomposition of MO to O, (equation d).

Non-active electrodes (SnO,, PbO,, Boron-Doped Diamond) are characterised by the
weak interactions between the OH and the anode’s surface. In this case, the oxidation of
organic molecules is mediated by the non-selective attack of hydroxyl radicals, achieving in

most of the cases, the complete oxidation of the organic molecules present in solution.

Other indirect oxidation can occurs when oxidants like chlorine Cl,, HCIO, C10°, H,0,

or O3 are formed at the electrode as depicted by Equations 1.29 to 1.35.

2Cl7 > Cly+2e” Eq. 1.29
Cl, + H,0 > HOCL + H* + Cl™ Eq. 1.30
HOCl - H* + ClO~ Eq. 1.31
H,0 > ‘OH+H" +e” Eq. 1.32
2 "OH - H,0, Eq. 1.33
H,0, > 0, + 2H* + 2e~ Eq. 1.34
0, + "0 - 0; Eq. 1.35
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Table 1.3. AOPs technologies employed for the degradation of the chemicals under study.

Compound Technology Drug conc. Water matrix Exp. conditions Main results Refs.
Demineralised
\év.aterl q 78 % of the initial ofloxacin was
n:tr:;rla?te V=44 L; T=37 °C mineralised after 500 min of solar-Fenton
freshwat A=solar irradiation treatment using demineralised water. In
fl in Fenton 10mgL™ reshwater H2.8-2.9 i ici [127]
Ofloxaci g Simulated pH 2 . all other cases, inorganic ions scavenged
- [Fe " lo=2mgL . - o .
municipal ] the reaction, achieving <58 % ofloxacin
[H202]0: 2.5 mg L .
wastewater degradation.
Pre-treated real
effluent
The complete abatement of ofloxacin was
Svnthetic water achieved in both synthetic and real water
. ; SZwag o V=1.44L; T=r.t. . matrices. The degradation of ofloxacin in
Ofloxacin Ozone-based 22mgL reatment plant [03]=4.2-*1 45mgL the real matrix not only was scavenged by [128]
effluent pH=n.s. inorganic ions but also by organic
compounds dissolved in the sample.
V=03 L T=r. t. The complete depletion of ofloxacin was
= *
pH - ns. achieved in 60 minutes. Current density,
_ Electrochemical . ' TiO,-based SnO»-Sb/FR-nifial ofloxacin concentration and pH
Ofloxacin oxidation 10-50 mg L Synthetic water PbOZe]eCtrOd.e drastically influenced ofloxacin depletion, [129]
Cul_*zrent density=5-50 mA , hieving the best results with 50 mA cm’
cm 210 mg L " ofloxacin and pH 11.
Voltage=3.5-8.6 V
V=0.25L; T=25 °C The degradation of clofibric acid using
pH=3.3 Fenton-like was completely achieved
fbric aci 5 . [Fe*]y=13gL" after 6 hours of treatment. Different
Clofibric acid Fenton 25-100 mg L™ Synthetic water (Synthesised FeOOH variables (pH, T, H,0, concentration, [130]
catalysts) catalyst load) highly influenced the

[H,0,]o=0.25-5gL"

degradation rates observed.
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Table 1.3 (continued). AOPs technologies employed for the degradation of the chemicals under study.

Compound Technology Drug conc. Water matrix Exp. conditions Main results Refs.
. The ozonation of clofibric acid resulted in
o B ] V=05L; T=25°C its fast disappearance (less than 15 min)
Clofibric acid Ozone-based 25-100 mg L Synthetic water ~ [O;]=1.2 g/h ; and was improved by catalytic ozonation [131]
O flow rate 40 L h using FeOOH catalysts.
g:?relnh’i;; t25:t(;;1 51 OC(:) Clofibric acid was completely
150 mA em’ y ’ mineralized in the pH range 2-12 (pH
L Electrochemical 4 . ) . independent) by anodic oxidation with
Clofibric acid oxidation 179 mg L Synthetic water OBrll)D Ctg;%ilg\lf edep(s)isritﬁg BDD. The degradation becomes faster as [124]
. &€ current density increases and so does with
crystal p-type Si (1 0 0)
temperature
pH=2to 12 )
The complete abatement of diclofenac
_ . Teno was observed in 2 minutes with the pyrite
I\)]I; g'iL’ T=23°C Fenton system, while only 65% of
Diclofenac Fenton 5mgL Synthetic water ~ Fe source=Pyrite (FeS,) diclofenac was rempved by cl.ass1c [132]
4-29 me L-'Fe 2 Fenton system in 3 minutes. The
[F,0 ]g: 4-8] mo L increasing additions of H,0, enhanced
2220 & diclofenac degradation (up to a maximum
of 56 mg-L™).
Diclofenac is completely depleted only
V=05L; T=rt. after four min of ozonation treatment,
— 1. . o
Diclofenac Ozone-based 50mg L™ Synthetic water £)O3]_1_330 OfVS mgL slightly enhanced by the combination 133
ower= E with  photocatalysis  (photocatalytical
O, flowrate 10 L h ozonation)
Nearly complete abatement of diclofenac
V;O_ 16L7; T=rt was observed within 4 h using
I()Zur;eni density = 1.2 mA electrochemical oxidation. The
Electrochemical T - : o
Diclofenac oxidation 30mgL” Synthetic water  cm’ contribution of direct oxidation was found [125]

BDD thin-film deposited

on conductive

single

crystal p-type Si (1 0 0)

to be insignificant, mainly attributing its
degradation  to
mediated reactive organic species.

indirect  oxidation
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Table 1.3 (continued). AOPs technologies employed for the degradation of the chemicals under study.

Compound Technology Drug conc. Water matrix Exp. conditions Main results Refs.
50% of initial ibuprofen was degraded
V=1 L; T=30 °C after 2 hours of Fenton treatment. As
L _ pH=3 [Fe’"] and [H,0,] increased, so did the
Tbuprofen Fenton 205 mg L Synthetic water [Fe*p=8-67mgL" degradation rate. The assistance of UV [134]
[Hy0,]o= 11 mg L" light (photo-Fenton) also accelerated the
degradation of ibuprofen
Diclofenac is completely depleted after
V=05LT=rt .30 min of ozonation treatment, highly
Ibuprofen Ozone-based 50 mg L Synthetic water [03]=13? 3 SEWS mg L enhanced by the combination with [135]
I())Ozva‘lzr\;)rate 10L K" photocatalysis (photocatalytical
ozonation).
The present research highlighted that the
V=0.1L; T=r.t. degradation efficiency of ibuprofen
pH=3and3 increased as increased its  initial
Electrochemical CerentQ density = 1070 goncentrations for all anodes used. Acidic
Ibuprofen S 20-50mg L' Synthetic water mA cm ) pH led to enhanced ibuprofen [136]
oxidation Three anodes tested: . .
PtRu-FTO' degradation. Moreover, The higher
PUYMWCNT-FTO? applied current density, the higher
Pt-FTO? mineralization efficiency of ibuprofen

was observed.

r.t: room temperature

*not specified

! Platinum Ruthenium fluorine-doped tin oxide

?Platinum nanoparticles/multi-walled carbon nanotube-Fluorine-doped tin oxide conductive glass

*Platinum Ruthenium fluorine-doped tin oxide
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1.2.2- Biological treatments

Biological treatment processes have been traditionally used for the treatment of organic
waste, but nowadays, they are being used for the treatment of hazardous waste. Apart from
oxidising organic matter, these processes can also be useful to reduce the inorganic
concentration or to transform or remove nutrients such as nitrogen and phosphorous.
Biological treatments are now commonly found as secondary treatments in wastewater
treatment plants due to their moderated low cost and their efficiency in processing large

amounts of wastewaters with high organic matter content.

Depending on whether organisms obtain carbon, they can be classified as heterotrophs
or autotrophs. The first group uses organic carbon for growth and represents the most
important class of organisms used in biological treatments. They can be further divided based
on how they obtain energy; if the heterotroph uses light, it is considered a photoheterotroph,
whereas if it uses chemical energy, it is called chemoheterotroph. The second class of
organisms, autotrophs, use inorganic carbon for their growth and energy is generally obtained
from light (photosynthesis) or inorganic chemical reactions (chemosynthesis). The population
of microorganisms used in biological treatments are usually constituted by bacteria, fungi,

algae and protozoa.

Biological treatments occur when these microorganisms are mixed together with pre-
treated wastewater and, by means of biochemical reactions, use carbon (organic and/or
inorganic) to obtain energy for their synthesis, growth and maintenance, as depicted by

Equation 1.36.

microoganisms
nutrients

CigH1909N(qqy + 120,45 + ZH&q) 13C0yg) + NHI(aq) +5H,0 + CsH;0,N) + E Eq.1.36

Where Ci3Hj9O9N is the influent organic matter; CsH;O,N the synthesised organism
(new cells) and E is the energy produced from the consumption of carbon [137]. This
activated sludge can only mineralise the biodegradable and non-toxic organic matter. It is for
this reason that several environmental conditions (pH, temperature, oxygen, availability of
nutrients, etc.) must be taken into account for their selection. However, Suarez-Ojeda et al.
[138] demonstrated that, after repeated conditioning to a certain kind of wastewater or matrix,
this activated sludge can get used to it and fully oxidise persistent and/or toxic organic matter

contained in water.
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Biological treatments can be classified into four categories: aerobic treatment (in the
presence of oxygen); anaerobic treatment (in the absence of oxygen); anoxic treatment (in the
presence of nitrate or nitrite ions); and combinations of the last three mentioned. Constructed
wetlands is a kind of biological treatment where these three categories can be successfully
combined in order to achieve the complete depletion of chemicals (inorganic and organic)
present in the influent water. Moreover, it can be further classified depending on the location
of these microorganisms: suspended in the media (batch or continuous flow reactors) or fixed
on solid supports (fixed beds). In the first group, microorganisms grow in suspension in the
wastewater under treatment. Once the biodegradation is completed, these microorganisms are
removed by clarification. In the latter group, microorganisms are allowed to attach to the
surface of an inner medium filling the whole reactor. Once the biodegradation is finished, the

treated wastewater is drained and the biomass is left fixed to the solid.
Constructed wetlands

Constructed wetlands (CW) are water treatment systems that use natural processes to
remove (or partially treat) undesired contamination contained in the receiving water effluents
[139—141]. These systems use vegetation, invertebrates (insect larvae and worms), substrates
used for their construction (oil, sand, gravel, rock, and organic materials such as compost)
and microorganisms (mainly bacteria but also yeasts, algae, protozoa, etc.) to improve water
quality. These systems are especially interesting for the treatment of water due to their
simplicity, their cost-effective operation and maintenance, no need of using chemicals, no

residues are generated, they can be built to fit harmoniously into the landscape etc.
Wetlands improve water quality by different mechanisms [139-143]:
° Filtrating particulate matter.

° Adsorption of chemicals (both organic and inorganic) on the surface of plants and

substrates.
° Chemical transformation of pollutants by microorganisms and plants.

Several types of constructed wetlands can be distinguished: surface flow wetlands
(Figure 1.14 A), subsurface flow wetlands (Figures 1.14 B and 1.14 C), and hybrid systems
(Figure 1.15) composed of both types of wetlands.
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° Surface flow wetlands: water circulation occurs at the surface of the constructed
wetland, through plant stems and leafs. The water layer in contact with the wetland is always

lesser than one meter height.
° Subsurface flow wetlands can be further classified in horizontal and vertical flow:

° Horizontal flow: water flows horizontally through the substrate by gravity
and parallel to the surface. Anoxic and anaerobic processes are predominant in

these kind of constructed wetlands such as denitrification and fermentation.

o Vertical flow: Water moves from the planted layer down through the

substrate and out. Aerobic processes, such as nitrification and oxidation of

organic matter are the most favourable to occur.

water collection

Figure 1.14. Schematic design of: A) a surface flow constructed wetland. B) a
subsurface horizontal flow constructed wetland C) a subsurface vertical
flow constructed wetland. Adapted from Garcia and Corzo [144].
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Figure 1.15. Hybrid constructed wetland. A) Influent mixer; B) vertical
subsurface flow CW; C) horizontal subsurface flow CW; D)
surface flow CW.

There have been numerous investigations proving the efficiency of these systems in
depurating heavy metals [145,146] and organic pollutants [147-152]. Tromp et al. [146]
investigated the removal efficiency of PAHs, Cu, Zn, Pb, Cd and Ni by a vertical subsurface
constructed wetland. While PAHs were mostly removed from the system (up to 95%), this
investigation found relatively small removal rates for Cd, Cr and Cu (40, 39 and 13%
respectively). Ni, Pb and Zn were found to be more retained for the overall system, achieving
removal percentages of 48, 76 and 60 respectively. Amongst the numerous authors working
in the removal of emerging pollutants by constructed wetlands, Chen et al. [149] studied the
removal of several antibiotics (erythromycin monensin, clarithromycin, leucomycin,
sulfamethoxazole, trimethoprim, sulfamethazine and sulfapyridine) at ng L concentration
levels. In their study, horizontal and vertical subsurface constructed wetlands showed up to
98% degradation of the contaminants under study. Moreover, Avila et al. [152] carried out a
similar study with ibuprofen, naproxen, diclofenac, tonalide and bisphenol A at pg L’
concentration. This investigation found that the degradation and sorption behaviour of these
chemicals highly differed through the stages of the constructed wetland. Degradation rates

found for all these pharmaceuticals ranged between 50-80 % of the initial concentration.

1.3.  Analysis of pharmaceuticals

Investigations dealing with the occurrence and fate of pharmaceuticals in the
environment, as well as their removal by wastewater treatment techniques have always been
accompanied with the development of complex and sophisticated analytical methodologies
published in the literature. Such methods are usually composed of five steps: sampling,

sample preparation, separation, detection, and data analysis.
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Given the different nature and physic-chemical properties of available pharmaceutical
drugs, most of the published analytical methods were focused on specific therapeutic families
(NSAIDs, antibiotics, beta-blockers, etc.), while only a few were devoted to multi-residue
analysis. However, with the irruption of new and simpler sample treatment techniques such
as QuEChERS and the availability of high-resolution mass spectrometry systems in
environmental and routine laboratories, the number of publications dealing with

environmental multi-residue analysis has exponentially grown over the past 20 years.
1.3.1. Sampling and storage

Opposite to the pharmaceutical analysis, sampling and storage of environmental
samples regarding their latter analysis has not been object of numerous scientific
publications. Moreover, it is vastly known that these steps are the major sources of

inaccuracies throughout the analytical methodology [153—-157].

Obtaining representative environmental samples may be, at a time, a difficult and
tedious task given several factors and conditions: sample homogeneity, (limited) accessibility
to collection sites, seasonal fluctuations in weather (temperature, rainfall, humidity, etc.),
anthropogenic actions, etc. It is for this reason that additional information is commonly
obtained while conduction wastewater sampling: pH, dissolved oxygen, total residual

conductivity, temperature, photographs, flow, etc.

Two sampling techniques may be used when dealing with wastewater samples: grab

and composite.

° Grab sampling: This technique consists in the collection of a single discrete

sample over a period of time no longer than 15 minutes [153—157].

° Composite sampling: Composite samples are obtained by continuous sampling or
by mixing collected single samples. Composite sampling can further be divided into time
composite and flow proportional sampling. The first one consists in the mix of equal volumes
of different aliquot samples while the second varies the sample volume of each sample as a

function of the wastewater flow [153—157].

Since composite sampling represents the average wastewater characteristics during the
sampling period, it is commonly accepted to provide more representative samples with the

exception of those chemicals degrading over the collection time.
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Once collected, samples must be stored and perfectly preserved until their analysis, up
to a maximum of 28 days. Common strategies for in-field sample storage may involve the use
of plastic or glass amber bottles (depending on the nature of the analytes to be analysed) at a
temperature of 4 °C. Chemical preservation may be used too only when it is shown not to
interfere with the method of analysis. This may involve pH control and/or addition of
chemicals. For instance, sulfuric and hydrochloric acids and sodium azide have been
previously employed as chemical preservatives. Moreover, the addition of quenching agents
such as ascorbic acid, sodium thiosulfate or sodium sulfite have also been implemented in

sample preservation in environmental studies [158].
1.3.2. Sample preparation

Despite the enormous advances achieved in the analytical instrumentation over the past
twenty years, achieving higher sensitivity, sensibility, accuracy and precision, the analysis of
pharmaceuticals, pesticides and related compounds have always been accompanied with pre-
treatment and clean-up methods to extract and isolate the target analytes from the matrix

under study.

Whereas the pre-treatment of the sample usually comprises simple tasks such as
homogenization, pH adjustment, etc. the clean-up aims to isolate the compounds of interest
from the sample and preparing both the sample and analytes to the latter detection and
quantification by means of an instrumental technique. Such clean-up methods may involve
liquid-liquid extraction (LLE), solid-liquid extraction (SLE), accelerated solvent extraction
(ASE) QuEChERS (Quick, Easy, Cheap, Effective, Rugged, Safe) pressurized-liquid
extraction (PLE), solid-phase extraction (SPE), solid-phase microextraction (SPME),
molecularly imprinted polymers (MIPs), etc. Even though the wide diversity of clean-up
procedures and analytical methodologies currently available for sample pre-treatment, solid-
phase extraction is the most frequently used one due to its flexibility in stationary phases,

possibility of automation, improved recoveries, etc.

In SPE, the separation is based on the partitioning of the target analytes between the
stationary phase (solid) and solvent (liquid). Typical SPE procedures involve four steps that
need to be optimised to obtain high recovery rates and reproducible results: conditioning of
the stationary phase; sample loading; sorbent washing to remove interfering compounds and
elution of the target analytes. Mixed-mode sorbents such as those manufactured by Waters

Corporation (Oasis HLB), Phenomenex (Strata-X), Agilent (Bond Elut Plexa), etc. have been
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the most employed cartridges for the extraction of the studied compounds and for multi-
residue analysis comprising a wide diversity of organic compounds (neutral, basic and acidic)
from water matrices over a wide range of working pH. These sorbents offer good and highly
reproducible recoveries for groups of compounds of similar physic-chemical properties.
Other sorbent chemistries are also available for the selective extraction of basic and acidic
compounds. For instance, those based in ion exchange mechanisms such as the Oasis MCX
cartridges (Mixed mode Cation eXchange) are employed for the specific retention of basic
compounds while Oasis MAX cartridges (Mixed mode Anion eXchange) are suitable for
acidic compounds. Even though the use of on-line SPE with LC dates back to 30 years ago
[159], it has been in the past 10 years that on-line SPE has grown in commercial availability
and use. The basis and principle of this technique is the same as that described for off-line
SPE but differing on the instrumental system used. Common on-line SPE systems are
composed of two pumps: loading and “analytical” pumps and two columns: SPE and
analytical columns. The loading pump transfers the injected sample on to the SPE column
while the analytical pump, after switching loop valves, elutes the analytes to the LC column
using a proper hydro-organic solvent composition. These systems are automatable, reducing

manual preparation steps and risk of human errors [160—162].

Finally, solid phase extraction has been one of the most investigated fields for
molecularly imprinted polymers [81,83—-86]. Molecularly imprinted solid phase extraction
(MISPE) makes use of its molecular recognition capabilities to selectively extract the
compounds of interest and lowering matrix interferences. Due to their high selective
behaviour, MISPE cartridges are to be custom-made since few MISPE cartridges are
commercially available (Sigma-Aldrich: patulin, aminoglycosides and bisphenol A; Biotage:

custom designed).
1.3.3. Instrumental analysis

After sample extraction, concentration and clean-up, pharmaceutical drugs and related
compounds are commonly analysed by means of a separation technique with a selective
detection system. For instance, LC-DAD (diode array detector) has been one of the systems
most frequently used due to its ease of use, low cost and robustness. However, in order to
achieve more selectivity for the analysis compounds such as fluoroquinolones, tetracyclines,
photosensitizers, etc., LC-FLD (fluorescence detection) has proven to be especially useful. In
contrast, the unequivocal identification and confirmation of the presence of pharmaceuticals

in complex environmental water samples is compromised. This is one of the main reasons to
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choose chromatography coupled to mass spectrometry as the technique of choice, with the
additional advantage of providing a great sensitivity and selectivity to achieve detection and
quantitation limits within the lower range (ng L' and pg L) in environmental matrices.
Nowadays, advanced analytical techniques such as GC/MS, GC-MS(/MS) and LC-MS(/MS)
have become essential in analytical laboratories. Moreover, due to the increasing demand of
detection and discovery capabilities, high-resolution mass spectrometers have gradually been
acquired and incorporated to environmental laboratories. These instruments not only offer
enhanced detection but are highly suitable for avoiding false positives (already reported by
LC/GC-tandem mass spectrometry) and the discovery of natural occurring drug metabolites

or transformation products.
1.3.3.1. GC-MS

Gas chromatography coupled to mass spectrometry has traditionally been the analytical
technique of choice for the analysis of persistent organic pollutants due to the high sensibility
and sensitivity offered for non-polar and volatile compounds (dioxins, pesticides,
organochloride compounds, etc.). Nevertheless, one disadvantage when dealing with polar
compounds is the need for a derivatisation step prior the GC-MS analysis. By derivatising,
the polarity of the molecule can be decreased and its volatility and thermal stability increases,
making these compounds suitable for GC-MS analysis. Common derivatisation reagents
include BSTFA (N,O-Bis(trimethylsilyl) trifluoroacetamide), BSA (N,O-Bis(trimethylsilyl)-
acetamide), BF; (boron trifluoride), MSTFA (N-methyltrimethylsilyltrifluoroacetamide),
MTBSTFA (Nmethyl-N-t-butyldimethylsilyltrifluoroacetamide), etc.

Generally, ionisation in GC-MS takes place under vacuum conditions via electron
ionisation (EI) or chemical ionisation (CI). The first one generates highly fragmented mass
spectra (70 eV ionisation energy) and so does when used at lower ionisation energies (~35
eV). Chemical ionisation produces less fragment ions by using low ionisation energies (5 eV)
and a reagent gas filling the source. Moreover, recent instrumental developments have
successfully coupled and launched to the market GC-APCI (Atmospheric Pressure Chemical
Ionisation)-MS systems that is gaining increased interest and popularity amongst analytical
chemists. These systems make use of the so-called “soff” ionisation techniques to generate
mass spectra rich in molecular or protonated molecular ions nut requiring tandem mass
spectrometry to obtain structural information. Table 1.4 shows published literature related to

the analysis of the studied pharmaceutical drugs carried out by GC-MS.
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Table 1.4. Literature review on GC-MS methods employed for the analysis of the pharmaceuticals under study.

Sample treatment Instrument; mass analyser

Analytes Sample Derivatisation Column Ionisation; Acquisition mode LOD (ppb) LOQ (ppb) Ref.
Clofibric acid 0.025 0.083
SPE (Oasis HLB GC-MS;

Diclofenac ~ Wastewater sng Aassills laﬁoz Agilent HP-SMS Full,sf:(zi)r)l and SIM 0.022 0.075 [163]
Ibuprofen Y : 0.012 0.040

. SPME (polydimethyl-
Diclofenac 0.006 0.030

il PDMS) fi | -MS;

Ibuprofen Wastewater *.0%an¢ (PDMS) fibers (100 5 g spg GCMSHQ) 0.020 0.070 [164]
Ket f um film thickness)) EIL; Full scan and SIM 0.022 0.080

etoproten BSTFA silylation ' '
Clofibric acid i:ifﬁfffﬁibﬂz lation  with GC-MS; (Q) 0.001 0.003
Diclofenac Wastewater Y . Agilent DB-5MS ’ 0.002 0.006 [165]
Ibuprofen Pentafluorobenzyl  bromide EIL; Full scan and SIM 0.001 0.003

P (PFBBr) ' '
Clofibric acid . 0.001 0.003
Diclofenac Wastewater ij SET(FO:SIS 11{1;1]321 Agilent DB-5MS ](E}IC _FMIS] ’ (Qr)l nd SIM 0.002 0.006 [166]
Ibuprofen stytato Sl scana 0.001 0.003
Clofibric acid 30

. SPE (Oasis HLB) GC-MS; (Q)
Diclofenac Wastewater BSA+TMCS silylation Supelco DB-5 EL Full scan and SIM 20 n.s. [167]
Ibuprofen 10
Clofibric acid

. Liquid-liquid extraction GC-MS; (Q)
Diclofz t Ph ZB A-1. A4-6. 1
Ibllfp(r)oi“xc Wastewater MTBSTFA silylation enomenex ZB3 EIL; Full scan and SIM 0 ? 04-6.3 [168]

* All columns were (5%-phenyl)-methylpolysiloxane 30 m length, 0.25 mm I.D. and 0.25 pm film thickness.
n.s.: Not specified
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As explained in the introduction of GC-MS instrumental analysis and depicted in Table
1.4, the studied pharmaceutical drugs studied in this PhD thesis need to be derivatised prior
their analysis by this instrumental technique. Even though different derivatising procedures
have been used, it is generally accepted that sylilation is the most widely employed for the
analysis of pharmaceuticals [167]. BSTFA, the mixture containing BSTFA, TMCS,
MTBSTFA and MSTFA are the most common derivatising agents for the analysis of the
studied NSAIDs. For instance, Azzouz et al.[167] compared the derivatising performance of
BSA, BSTFA, TMCS and mixtures of them for the analysis of ibuprofen, diclofenac,
clofibric acid, fibrate, ketoporfen and 8 additional chemicals of environmental interest. This
research found that the best derivatising agent was the mixture containing BSA+TMCS,
achieving an instrumental linearity of 0.1 — 400 ng L™ and method detection limits within
0.01 and 0.04 ng L™". On the other side, the researches conducted by Molina-Fernandez et al.
[168] and Togola et al. [169] found that the best derivatising agent was MTBSTFA for the
analysis of the same NSAIDs studied by Azzouz et al. Their instrumental LODs, however,
were much higher than those claimed for Azzouz et al. (100 — 1900 ng L™). Despite the
numerous derivatising agents commercially available, ofloxacin has not been reported to date

to be analysed by GC-MS.
1.3.3.2. LC-MS

Despite the fact all the advantages GC-MS may offer, HPLC-MS(/MS) has become the
analytical technique of choice for the analysis of pharmaceuticals and related compounds in
environmental samples, since it does not require the laborious and time-consuming sample
preparation needed when performing the analysis by gas chromatography. Moreover, the
coupling of liquid chromatography to mass spectrometry using of atmospheric pressure
ionisation (API) techniques has led to enhanced sensibility and sensitivity analysis (both
quantitative and qualitative) of more polar pharmaceuticals in different kind of samples.
Table 1.5 shows some of the published methods dealing with the development of analytical

methods based on LC-MS analysis of a wide diversity of organic compounds and matrices.

LC-MS chromatographic methods are usually carried out using reversed-phase octyl
Cs—bonded or octadecyl Ci3—bonded column chemistries with different hydro-organic solvent
combinations, mainly acetonitrile/methanol in combination with water as aqueous phase.
These column chemistries, in combination with mass spectrometry, offer an interesting
flexibility for the analysis of the studied drugs and related compounds (for instance,

metabolites or transformation products). However, other column chemistries have been
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successfully used in the literature such as phenyl-hexyl based columns [170,171] and HILIC
(hydrophilic liquid chromatography) [172,173], amongst others. For instance, Rossmann et
al. carried out the analysis of different fluoroquinolones and different antibiotic classes (up to
18 chemicals) using an HILIC column achieving satisfactory separation conditions for all of
them. The same column used Nemoto ef al. for the study of diclofenac, ibuprofen and 13
additional NSAIDs. Both researches achieved instrumental detection limits ranging from 50 —
100 pug L. For instance, conventional HPLC methods used to be developed with 5 micron
particle size, but, the development and incorporation for routine analysis of <2 pm LC
columns, totally and superficially porous, have been accompanied with an enormous
development of LC systems capable of handling column backpressures of more than 10,000
psi. The use of such columns have led to several advantages in comparison to conventional
HPLC methods: more efficient chromatographic peaks, higher chromatographic resolution
and higher sensibility and sensitivity, with the additional advantages of shorter analysis time

and less matrix effects.

Volatile solvents and additives (compatible with Atmospheric Pressure Ionisation (API)
sources) are commonly added to mobile phases in order to improve chromatographic peak
shape, chromatographic retention and resolution. Hence, formic acid/formate, acetic
acid/acetate and ammonia are frequently used solvent additives for the LC-MS analysis of the
analytes under study. This increase in LC performance has been especially attractive for its
coupling to mass spectrometry. Electrospray (ESI) is, by far, the most used ionisation
technique for the coupling of liquid chromatography to mass spectrometry for the analysis of
the analytes under study. Other API sources such as APCI and Atmospheric Pressure
Photolonisation (APPI) have also been used for the analysis of the studied compounds [174—
177].

Once the sample and the analytes contained in it have been ionised, detection is the last
step of the analytical methodology. For this purpose, single quadrupoles (Q) have been
widely employed for the identification and quantification of organic compounds in
environmental samples. However, due to the limited sensibility and sensitivity that simple
quadrupoles offer, triple quadrupoles (QqQ) have been, by far, the instrument of choice for
the identification and quantification of environmentally-relevant compounds at ultra-trace
levels, thus, obtaining higher confidence in complex matrices. lon Traps (IT) and Lineal lon
traps (LIT) have also attracted special attention to analytical chemists due to their tandem in-

time capabilities, making them highly suitable for identification and quantitation purposes.
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Table 1.5. Literature review on LC-MS methods employed for the analysis of the pharmaceuticals under study.

. Sample Column Instrument; Ionisation LOD* LOQ*
Analytes Matrix . . <o Ref.
treatment Dimensions Acquisition method (ppb) (ppb)
Clofibric acid . 0.001 0.003
Tbuprofen asewater  SPE (Oasis HLB) f;’(;zlecnlli; um ggfggsﬁgl@q@ 0.006 0.020  [178]
Diclofenac g S mm o : 0.004 0.012
Ibuprofen 0.0004 0.002
. Purospher Star RP-18
Diclofenac o . . HPLC-MS/MS (QqLIT) 0.001 0.007
Clofibric acid ~ Drinking water  SPE (Oasis HLB) ‘;g‘;‘i“zpll’eniﬁé& . ESI (-); MRM 0.0001 0.0003 U7
Ofloxacin - mmo 0.0004  0.002
Ibuprofen Wastewater SPE (Oasis HLB ~ Nucleodur C18; C18; HPLC-MS/MS (QqQ) 0.003 0.01 [180]
Diclofenac and C18 sorbent)  125x2 mm; 3 pm ESI (+/-); MRM 0.003 0.01
gli‘c’ibf;faic‘d Wastowater SPE (Oasis HLB,  Ascentis Express C18; HPLC-MS/MS (QqQ) 8'88} 8'835 [181)
Tbuprofen MAX and WAX)  100%4.6 mm;2.7 um ESI (-); MRM 0.015 0.01
Ibuprofen L SPE (C18 Waters BEH C18,C18; UHPLC-MS/MS (Orbitrap) ) )
Clofibric acid Drinking water sorbent) 50%2.1 mm;1.7 um ESI(-); Full scan [182]
. On-line SPE BetaBasic C18; HPLC-MS/MS (IT)
Ofloxacin Wastewater (Oasis HLB) 150x2.1 mm: 3 um ESI (+); MRM 0.012 0.040 [183]
. Drinking water ~ SPE (Oasis HLB)  Waters BEH C18;C18; UHPLC-MS/MS (QqToF)
Multi residue Sediments ASE* 50x2.1 mm; 1.7 pm ESI (-); Full scan ) ) [184]
Fluoroquinolone MISPE Hypersil Gold; C18; HPLC-MS/MS (QqQ)
antibiotics Wastewater Ciprofloxacin as 30% 2.1mm; 5.0 um ESI (+); SIM 0.005 0.003 [185]
template
Fluoroquinolone MISPE LUNA C18 (2); C18; HPLC-MS/MS (QqQ)
antibiofics Wastewater irrlrrl;ﬁ(::acm as 150x4.6 mm; 5 pm ESI (+); SIM 0.005 0.002 [186]

* Values presented in this table refer to method LOD and LOQ.
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Nevertheless, other hybrid instruments such as quadrupole-linear ion trap (QqLIT) that

can perform both tandem in-time and in-space in the same instrument are also widely used.

In recent years, however, with the growing demand of higher complex analysis and
samples (detection and identification of unknown chemicals at ultra-trace levels), tandem
mass spectrometry combined with high-resolution mass spectrometry has exponentially
gained attention and use by the scientific community for the analysis of environmental
samples. Recent developments of electronics and related hardware, moreover, has conferred
high resolution mass spectrometers improved sensibility and sensitivity, as well as enhanced

dynamic range for quantitation purposes.

Both ionisation and instrumentation paragraphs will deeply be revised and extended in
Chapter 4 of the present manuscript, since liquid chromatography coupled to (tandem)-high
resolution mass spectrometry will be the main analytical technique for the analysis of the
pharmaceutical ofloxacin and its transformation products after having submitted it to TiO,

photocatalysis.
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Chapter 2. Objectives and thesis structure

With the development of such new and sophisticated analytical techniques, able to
detect up to ng L™ concentration levels of organic and inorganic pollutants present in ground
and surface waters, high concern has arisen from the scientific community from its presence
and the way to get rid of them. However, it has been vastly demonstrated that conventional
sewage treatment plants are not able to efficiently remove these chemicals from polluted
waters. The main focus of the research conducted to date is to use advanced oxidation
processes (AOP) and/or biological treatments to reduce these concentration levels, up to their
non-detection. TiO, photocatalysis is a well-known AOP which has resulted in promising

results for its possible inclusion in wastewater treatment plants.
The main objectives and goals of the present thesis are:

o To develop easy to support TiO, nanofibers for its inclusion on industrial

applications.

° To study the degradation, upon TiO, photocatalysis, of 4 environmentally

relevant pharmaceutical drugs: ofloxacin, clofibric acid, diclofenac and ibuprofen.

° Demonstrate if this oxidative treatment, TiO, photocatalysis, generates and
introduces potential hazards to the aquatic environment and humans after removing

these pharmaceutical drugs from water.
These main objectives can be then sub-divided into more specific objectives:

° To develop novel materials, based on TiO,, to be used as new catalysts in

industrial applications.

o The development of analytical techniques, mainly based on HPLC coupled to
tandem high-resolution mass spectrometry, to identify and quantify low trace amounts

of these pharmaceuticals in real water samples.

° The application of tandem high-resolution mass spectrometry to assess the
degradation of these pharmaceutical drugs after photocatalytic degradation in order to

propose the degradation pathway.

° To study the toxicity evolution of the degradation kinetics in order to know which

phases of the photocatalytical process are of higher concern.
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These mentioned points will be presented and discussed along the three chapters

proposed for this thesis:

° Chapter 1 has introduced a brief overview on the challenges that both society and
scientific community have to face for a better reutilisation of the water resources and
the removal of environmentally relevant pollutants from the aquatic system. Moreover,
this chapter has reviewed the most important wastewater treatment technologies
available today for the removal of these pollutants of high concern. Finally, a revision
on the analytical methodologies available for the analysis of the compounds under

study is also included.

° Chapter 3 will introduce the history of titanium (IV) oxide as a photo-catalyst and
how different research groups have addressed their investigations to achieve better
removal efficiencies of this material. This chapter includes the experimental section
where it is described the development of titanium (IV) oxide nanofibers used in this
PhD thesis, their physico-chemical characterisation and their performance degrading

the four pharmaceuticals selected.

° Chapter 4 is devoted to the analysis of transformation products coming from
oxidative treatments. A brief revision will be given to the present target and non-target
mass spectrometry strategies to detect and identify all these unknown chemicals. This
chapter includes the experimental section devoted to the detection and characterisation
of ofloxacin transformation products after being submitted to TiO, nanoparticles and
nanofibers. High-resolution mass spectrometry, tandem mass spectrometry and ion
mobility mass spectrometry have been used to characterize the transformation products

detected.

° Chapter 5 deals with the toxicological implications these transformation products
may pose to the aquatic and human toxicity. First of all, it will be introduced how
different research groups have addressed this issue and which are the main organisms
and endpoints to estimate aquatic and human toxicity. The experimental section
includes the toxicological studies in order to provide information for, both aquatic and

human, implications of ofloxacin after being submitted to TiO, photocatalysis.

o Although each Chapter includes their own conclusions, overall conclusions of all
the research carried out are included in the last section of this manuscript as well as the

references cited and used along the thesis.
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Chapter 3. Introduction

In the past four decades, the detection and quantification of environmentally relevant
chemicals (emergent or prior pollutants) such as surfactants, antibiotics, drugs, pesticides and
their metabolites or by-products, etc. has been the premise and the major goal of thousands of
analytical research laboratories established around the world. The major source of such
pollutants is the continuous disposal of urban and industrial wastewaters. Conventional
sewage treatment plants do not completely remove these chemicals, and as a result, they are
being introduced into the aquatic environment at parts per-billion (ug L) and parts per-
trillion (ng L") concentration levels. Although these concentrations are much lower than
those used in medical applications, the related potentially toxic effects in the aquatic

environment are still poorly known and cannot be discarded.

Hence, the concern about the above context entailed some researchers to investigate
about the use of advanced oxidation processes (AOPs) to achieve the complete removal of a
wide diversity of organic compounds. Amongst the technologies dealing with such oxidative
treatments, heterogeneous photocatalysis, photo-Fenton and ozonation are the most

representative ones, as already discussed in Chapter 1.

This chapter is divided in four sections: the introduction, the experimental methods, the
results and discussions from the present research and all conclusions derived from the whole
chapter. Having discussed TiO, photocatalysis and the main mechanism in Chapter 1, this
introduction will be mainly focused on the TiO, structure and properties and recent
developments done in this research area and results derived from past research done in this
field. The experimental section will be devoted to settle the experimental bases by which
Chapter 4 and Chapter 5 will be then build up. This will be centred on the development of
TiO, nanofibers, its characterisation and the description of experimental set-up and
operational conditions. The section that compiles the results will be focused on the
application of synthesised nanofibers to removal of four target contaminants presented in
Chapter 1. The activity of commercially available TiO, nanoparticles and nanofibers will
also be tested along the present research. Once their performance is studied in MilliQ water
(synthetic samples), raw water coming from a real wastewater treatment plant will be used as
a real test sample in order to study the performance of TiO, photocatalysis under real

conditions.
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3.1. Introduction

Titanium is the ninth most abundant element (the seventh metal) in the earth’s crust
[1,2] and can be found in practically all rocks and sediments, and is present in plants, animals
and natural waters. Even though pure TiO; can be found in nature [3] from rutile, anatase and
brookite it is from the mineral ilmenite, FeTiO3, by which TiO; is mostly produced and
obtained nowadays, up to 6.1 million tonnes in 2016 [4]. Hence, ilmenite can be treated in
two ways to obtain titanium (IV) oxide: the chloride and the sulphate processes, representing
the 60 and 40 % of the production respectively. The main advantages of the chloride process
over the sulphate process are: less energy is required; less waste disposal, the possibility to
recover most of the reactants used and it is usually conducted in continuous while the
sulphate process is run in batch mode. Even though these advantages the chloride process
offers, it requires high grade ore, namely rutile TiO,, which may finally increase the final

production cost.
The chloride process

This process was first introduced by Du Pont in the 1950s [5-7] and begins by mixing
the raw material with coke (900-1000 °C) in order to reduce rutile TiO, to elemental Ti
(Equation 3.1). Then, a stream of chlorine gas oxidises Ti to TiCls (Equation 3.2 and 3.3).
Finally, TiCly is converted to pure TiO; by its oxidation in a pure oxygen flame at 1500 °C,

recovering, at the same time, the vast majority of chlorine gas.

Ti0, + C > Ti + CO, Eq.3.1
Ti+ 2Cl, - TiCl, Eq.3.2
TiCl, + 0, - Ti0, + 2Cl,  Eq.3.3

The sulphate process

In the sulphate process, ilmenite is digested with concentrated sulphuric acid,
generating a mixture of sulphate salts (Eq. 3.4). The resulting solution contains
titanylsulphate (TiOSOy) and iron sulphate (FeSO,). Before obtaining titanium (IV) oxide, a
reduction step is needed, in which remaining ferric ions (Fe’") are converted to ferrous ions
(Fe*"). Titanyl sulphate is hydrolysed to titanium dioxide hydrated, which precipitates and
consequently is separated from ferrous sulphate and sulphuric acid (Eq. 3.5). Finally,

hydrated titanium is calcinated at a temperature over 1000° C (Eq. 3.5).
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FeTiO; + 2 H,S0, — Ti0S0, + FeS0, + 2H,0  Eq.3.4
Ti0SO, + 2 H,0 - Ti0, - nH,0 + H,S0, Eq.3.5
Ti0, - nH,0 - Ti0, + nH,0 Eq.3.6

3.1.1. Physicochemical properties of TiO;

Titanium (IV) oxide, TiO,, has three crystalline polymorphs: rutile (tetragonal, space
group P4,/mnm;); anatase (tetragonal, space group /4;/amd); and brookite (orthorhombic,
space group Pbca). Rutile has the highest density and refractive index and is the most
thermally stable polymorph. Anatase and brookite can be transformed to the rutile polymorph

by thermal treatment.

Amongst the three crystalline phases, only anatase and rutile have been used in
photocatalytical applications. Whereas rutile presents a lower band-gap energy than anatase
(3.0 and 3.2 eV respectively), properties such as crystallographic orientation, surface
properties, electron transfer, amongst other properties, directly affects the photocatalytical
properties of TiO,. However, anatase is generally considered to be more active than the rutile
phase. Despite the intensive investigation carried out on TiO; for photocatalytical
applications, there is not a general consensus rationalising these experimental evidences,
mainly attributed to the difficulties in studying individual factors affecting its photocatalytical
properties [8].

Nevertheless, it has been widely demonstrated and accepted that the co-existence of the
anatase and rutile phases leads to a synergic effect resulting in greater photocatalytical
properties that when compared these phases alone. That is the case of Degussa P25

nanoparticles, a mixture 80:20 anatase:rutile.
3.1.2. Toxicity

The toxicity of TiO; is low and was approved as a food colorant (E-171 in the
European legislation) [9]. TiO, can be encountered in toothpastes, pill coatings and chewing
gums [9,10]. Even though its low toxicity, new concerns and awareness have arisen due to its
use in its nanometric size. This question and concern is not only related to this catalyst but
also to other metal oxides such as ZnO, CuO which will be further discussed in the following
lines. It is for this reason that further research into the properties of bulk (non-nano) and nano
materials is required to efficiently evaluate their eco-toxicity and possible adverse effects on

animals and humans health.
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3.1.2.1. Ecotoxicity of nano-TiO,

Xiong et al. [11] studied the toxicity of nanoTiO, and ZnO on zebrafish, showing that
TiO, nanoparticles were slightly more toxic than bulk TiO, while no differences were
observed between nano and bulk (non-nano) ZnO. Another important conclusion derived
from this study was that nanoTiO, could render toxic effects even though if these
nanoparticles were not inside the cell: TiO, promoted the formation of radical oxidative
species (ROS), which had a strong effect on membrane integrity. In the same line of research,
Cherchi et al. [12] observed that cyanobacteria cells suffered severe stress responses when
they were exposed to TiO,. These responses included membrane disruption, membrane

crystalline inclusions and formation of ROS species [12].

Daphnia Magna has been the main focus of several investigations dealing with the
ecotoxicity of nano-metal oxides. 