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Abstract

The growing awareness of the negative effects that industrial and human activities have
on the environment and public health and, more specifically, on water resources, has led to the
development of new strategies to mitigate the impact of these activities and guarantee
environmental quality standards, having become one of the most important social challenges
today. Among the different strategies proposed to guarantee efficient water management, the
development of materials that allow the extraction and elimination of environmental

contaminants stands out as a key.

This Doctoral Thesis presents the development of new materials derived from metal-
organic frameworks (MOFs) for the removal of organic contaminants such as dyes, phenols, and
pharmaceutical products. As part of this process, different types of MOFs have been synthesized
and used to the preparation of porous carbons and metal oxides. In order to facilitate their
applicability, the prepared materials have been incorporated into supports such as membranes,
magnetic stirrers and 3D printed devices. The obtained materials have been characterized with
the adequate instrumental techniques and their applicability in the adsorption or photocatalytic

degradation of different pollutants has been studied.

In the first work, the preparation of a carbon composite membrane derived from a MIL-
125-NH; MOF has been carried out for the extraction of phenolic compounds. The derived
carbon (C-MIL-125-NH,) has been prepared by carbonization of the precursor MOF at a high
temperature under nitrogen atmosphere. It has shown fast adsorption kinetics of bisphenol A
and 4-tert-butylphenol, reaching equilibrium in 25 minutes. Moreover, with a simple coating
process, a carbon composite membrane (C-MIL-125-NH,-HM) has been obtained and tested in
the dynamic extraction of the phenols under study, demonstrating good recyclability, excellent

flow properties and a high efficiency for the preconcentration of both phenols.

In the second work, the preparation of a titanium oxide, derived from NTU-9 type metal-
organic framework, has been described. This titanium oxide (TiO,-NTU-9) was obtained by
oxidation of the MOF precursor at 450 °C. TiO>-NTU-9 has exhibited 100% of methylene blue
(MB) degradation in 2 hours thanks to its mixed anatase/rutile phase structure, as well as carbon
doping. In addition, by a simple deposition method, a mechanically stable TiO,-NTU-9 coated
stirrer (TiO-NTU-9-S) has been prepared and tested for the elimination of MB, demonstrating

excellent and easy recyclability.



In the final work, to enhance the adsorption capacity of the MIL-100-Fe MOF, post-
synthetic modification with sulfonic groups has been carried out by the grafting of
aminomethanesulfonic acid (AMSA) onto the coordinatively unsaturated metal centers. The
obtained, MIL-100-Fe-AMSA, has been used for the diclofenac (DCF) extraction, obtaining high
extraction capacity (476 mg-g?) thanks to the great affinity between DCF and the sulfonic
groups. The functionalized MOF was immobilized in a 3D printing column, facilitating its use for
the extraction, pre-concentration and analysis of low levels of DCF and ketoprofen in water

samples.



Resum

La creixent sensibilitzacid respecte als efectes negatius que les activitats industrials i
humanes tenen sobre el medi ambient i la salut publica i, més concretament, sobre els recursos
hidrics, ha donat lloc al desenvolupament de noves estratégies per a la mitigacié de I'impacte
gue tenen aquestes activitats, convertint-lo en un dels reptes socials més importants en
I'actualitat. Entre les estrategies proposades per garantir una gestid eficient de I'aigua i el
compliment de les normes de qualitat ambiental, es troba el desenvolupament de materials que

permetin I'extraccié i I'eliminacié de contaminants ambientals.

En la present Tesis Doctoral s’ha duit a terme el desenvolupament de nous materials
derivats de xarxes metal-loorganiques (MOFs) per a la eliminacié de contaminants tals com
colorants, fenols i productes farmaceutics. Per la qual cosa s’han sintetitzat diferent tipus de
MOFs i, a partir d’aquests s’han preparat carbons porosos i oxids metal-lics. A més, amb
I'objectiu de facilitar la seva aplicabilitat, els materials preparats s’han incorporats en suports
com membranes, agitadors magneétics o dispositius impresos en 3D. Els diferents materials
obtinguts s’han caracteritzat mitjancant les técniques instrumentals adequades i s’ha estudiat

la seva aplicabilitat per a I'adsorcid o degradacio fotocatalitica de diferents contaminants.

En el primer treball s’ha duit a terme la preparacié d’'un membrana composta d’un carbo
pords derivat d’una xarxa metal-loorganica de tipus MIL-125-NH; per a I'extraccié de composts
fenolics. El carbé derivat (C-MIL-125-NH,) s’ha preparat mitjancant la carbonitzacié a alta
temperatura del MOF precursor en atmosfera de nitrogen. El material obtingut ha demostrat
una rapida cinetica d’adsorcid de bisfenol A i 4-tert-butilfenol, assolint I'equilibri en 25 minuts.
A més, amb un senzill procés de recobriment, s’ha obtingut una membrana composta d’aquest
carbé (C-MIL-125-NH,-HM) per a I'extraccié en flux dels fenols en estudi, demostrant una bona
reciclabilitat, excel-lent propietats de flux i una elevada eficiencia per a la preconcentracié de

ambdds fenols.

En el segon treball s’ha descrit la preparacié d’un oxid de titani derivat d’'una xarxa
metal-loorganica de tipus NTU-9. Aquest oxid de titani (TiO>-NTU-9) s’ha obtingut mitjancant
I’oxidacié a 450 °C del MOF precursor. El TiO,-NTU-9 assoleix el 100% de degradacié del blau de
metilé (MB) en 2 hores gracies a que presenta una estructura mixta de fase anatasa i rutil, aixi
com un dopatge de carboni. A més, mitjangant un meétode de deposicid simple, s’ha preparat un
agitador recobert de I'0xid de titani (TiO,-NTU-9-S) i s’ha aplicat a la eliminacié de MB,

demostrant una excel-lent i facil reciclabilitat.



Finalment, en el tercer i darrer treball, per tal de potenciar la capacitat d’adsorcié de la
xarxa metal-loorganica MIL-100-Fe, s’ha duit a terme la modificacié post-sintética de la mateixa
amb grups sulfonics mitjangant la incorporacié del acid aminometansulfonic (AMSA) en el
centres metal-lics descoordinats. EI material obtingut, MIL-100-Fe-AMSA, s’ha utilitzat per a
I’extraccié de diclofenac (DCF), obtenint una elevada capacitat d’extraccid (476 mg-g?) gracies a
la gran afinitat del DCF per el grups sulfonics. El MOF funcionalitzat s’ha immobilitzat en una
columna impresa en 3D, facilitant el seu Us per a I'extraccid, preconcentracio i analisis de baixos

nivells de DCF i ketoprofén en mostres d’aigua.



Resumen

La creciente sensibilizacidon respecto a los efectos negativos que las actividades
industriales y humanas tienen sobre el medio ambiente y la salud publica y, mas concretamente,
sobre los recursos hidricos, ha dado lugar al desarrollo de nuevas estrategias para la mitigacion
del impacto que tienen estas actividades, convirtiéndolo en uno de los retos sociales mas
importantes en la actualidad. Entre las diferentes estrategias propuestas para garantizar una
eficiente gestion del agua y el cumplimiento de las normas de calidad ambiental, se encuentra
el desarrollo de materiales que permitan la extraccidn y eliminacién de contaminantes

ambientales.

En la presente Tesis Doctoral se ha llevado a cabo el desarrollo de nuevos materiales
derivados de redes metalo-organicas (MOFs) para la eliminacion de contaminantes organicos
como colorantes, fenoles y productos farmacéuticos. Para ello, se han sintetizado diferentes
tipos de redes metalo-orgdnicas y a partir de estas se han obtenido carbones porosos y 6xidos
metadlicos. Ademas, con el objetivo de facilitar su aplicabilidad, los materiales preparados se han
incorporado en soportes como membranas, agitadores magnéticos o dispositivos impresos en
3D. Los diferentes materiales obtenidos han sido caracterizados con las técnicas instrumentales
adecuadas y se ha estudiado su aplicabilidad en la adsorcidon o degradacién fotocatalitica de

diferentes contaminantes.

En el primer trabajo se ha llevado a cabo la preparaciéon de una membrana compuesta
de un carbdn poroso derivado de una red metalo-orgdnica tipo MIL-125-NH; para la extraccion
de compuestos fendlicos. El carbdén derivado (C-MIL-125-NH,) se ha preparado mediante la
carbonizacién a elevada temperatura del MOF precursor en atmdsfera de nitréogeno. El material
obtenido ha demostrado una rapida cinética de adsorcion del bisfenol A y el 4-tert-butilfenol,
alcanzando el equilibrio en 25 minutos. Ademas, con un simple proceso de recubrimiento, se ha
obtenido una membrana compuesta de este carbon (C-MIL-125-NH,-HM) para la extraccion en
flujo de los fenoles en estudio, demostrando una buena reciclabilidad, excelentes propiedades

de flujo y una elevada eficiencia para la preconcentracién de ambos fenoles.

En el segundo trabajo se ha descrito la preparacién de un dxido de titanio derivado de
una red metalo-organica de tipo NTU-9. Este dxido de titanio (TiO,-NTU-9) se ha obtenido
mediante la oxidacién a 450 °C del MOF precursor. El TiO,-NTU-9 alcanza el 100% de
degradacion del azul de metileno (MB) en 2 horas gracias a que presenta una estructura mixta

de fase anatasa y rutilo, asi como un dopaje de carbono. Ademas, mediante un método de



deposicién simple, se ha preparado un agitador magnético recubierto del éxido de titanio (TiO,-
NTU-9-S) y se ha aplicado en la eliminacion de MB, demostrando una excelente y facil

reciclabilidad.

Finalmente, en el tercer y ultimo trabajo, para potenciar la capacidad de adsorcién de la
red metalo-organica MIL-100-Fe, se ha llevado a cabo la modificacién post-sintética de la misma
con grupos sulféonicos mediante la incorporacion del dcido aminometanosulfénico (AMSA) en
los centros metalicos descoordinados. El material obtenido, MIL-100-Fe-AMSA, ha sido utilizado
para la extraccién de diclofenaco (DCF), obteniendo una elevada capacidad de extraccién (476
mg-g?), gracias a la gran afinidad del DCF por los grupos sulfénicos. EIl MOF funcionalizado se ha
inmovilizado en una columna impresa en 3D, facilitando su uso para la extraccion,

preconcentracion y analisis de bajos niveles de DCF y ketoprofeno en muestras de agua.
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Chapter 1

Introduction

This chapter provides an extensive overview
of metal-organic frameworks (MOFs). It
includes a description of the properties of
these novel materials and their potential
applications. Chapter 1 also provides a detailed
description of different types of materials
derived from MOFs.
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1.1. Overview of porous materials and their applications

Porous structures, such as molluscs or corals, have always been present in nature, and
they played a fundamental role in the development of organisms. The first reported example of
a porous material was activated carbon, discovered by the Egyptians.! Its porosity and high
stability have made it a suitable adsorbent for the removal of colour, odour, taste, and other

undesirable impurities and pollutants from drinking water?3® and air.*®

Porous materials can be natural or synthetic, and the diversity of synthetic materials
opens up the opportunity to develop different types of structures for specific purposes. Zeolites,
which presents a crystalline three-dimensional aluminosilicate structure,® are one of the most
important examples of this type of porous materials. Due to their natural abundance and the
diversity of developed synthetic structures, they are widely applied in industrial processes such

9,10

as air separation,”® biogas or natural gas purification,®!° water disinfection,'* drug delivery,*?

ion-exchange,® or in catalysis.'*

The great number of industrial applications of both, activated carbons and zeolites, has
motivated efforts to develop new porous materials, among which stand out mesoporous silicas,

covalent organic frameworks (COFs), and metal-organic frameworks (MOFs).

1.2. Metal-organic frameworks (MOFs)

The discovery and development of metal-organic frameworks resulted from continuous
research into the assembly of coordination polymers at the 1990s. The term MOF was
introduced by Yagui et al., when they reported a diamond-like 3D structure formed by copper

and 4,4’-bipyridine as a ligand.®

Metal-organic frameworks are porous crystalline solids based on the combination of
metal centers or metal aggregates with multidentate organic ligands. This union results in the
formation of open one-, two- or three-dimensional structures with an ordered system of pores

(Figure 1.1).1¢18
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Figure 1.1. Formation of the structural skeleton of metal-organic frameworks.

Generally, the structure of porous materials, such mesoporous silicas or zeolites, is
determined by molecular template or structural agent. In contrast, the porous cavities of MOFs

are only determined by the geometric characteristics of their constituents.'®%!

1.2.1. Properties

Metal-organic frameworks generally present an ordered porous system, formed by
channels and cavities, with diameters ranging from 0.5 to 3.5 nm, which results in open
structures with highly specific surface areas and pore volumes, with up to 80% of total volume
being empty space. The pore sizes vary depending on the nature and length of the ligand
molecules used, as well as the coordination chemistry of the metal centers.?>?* The increment
of the length of the ligands often causes the formation of interpenetrated metal-organic
frameworks, in which two or more frameworks are physically interpenetrated, dividing the large
pores into smaller ones (Figure 1.2).2** The resulting framework generally has greater thermal
and mechanical stability and, due to the formation of smaller cavities, its interaction with certain

adsorbents can be increased, allowing the size discrimination of molecules.

b)

Metal centers

o @
+|| =)

Organic ligands

Figure 1.2. Schematic representation of the basic structure of: (a) non-interpenetrated and (b) interpenetrated
framework.
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The nature of MOFs metal centers is very diverse, being transition metal elements the
most abundant.?®?” However, in recent years, alkaline and alkaline earth metals, such as lithium
or magnesium, have been used for the preparation of MOFs due to their potential application
as lightweight materials for hydrogen storage.?® There are also MOFs composed of lanthanides
and actinides, as a consequence of their optical properties,? as well as elements from p-block.*®
In some MOFs, such as MOF-74 and MIL-100, the metal sites may be coordinated by one or more
molecules of solvents, which, through a suitable heat treatment, can be removed, giving rise to
the formation of coordinatively unsaturated sites (CUS) (Figure 1.3). The presence of these sites
can be beneficial from the application point of view, as they can interact with host molecules,

such as reagents or adsorbents.3132

Thermal
activation

Figure 1.3. Schematic representation of the process for obtaining coordinatively unsaturated sites in MOFs.

In the case of linkers, different types of organic molecules have been used to join the
metal centers. The first examples of MOFs were synthesized by the coordination of metal ions
with oxygen atoms, coming mainly from ligands with carboxylate groups.3*3* Since then, it has
also been reported the preparation of MOF with nitrogenous linkers, such as pyrazole3 or
tetrazole.®® As a result of the large number of available linkers and the different possible
combinations with the various metal centers for the synthesis of MOFs, a huge number of

different structures have been reported (Table 1.1).
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Table 1.1. Different examples of most commonly used MOFs.

Zr 1,4-benzenedycarboxilate (BDC) UiO-66
Cr, Fe 1,4-benzenedycarboxilate (BDC) MIL-101
Zr Byphenil-4,4’-dicarboxylate (BPDC) Uio-67
Fe, Al, V, Cr Benzene-1,3,5-tricarboxylate (HsBTC) MIL-100
Cu Benzene-1,3,5-tricarboxylate (HsBTC) HKUST-1
Zn 2-methylimidazole (2-MIM) ZIF-8
Co 2-methylimidazole (2-MIM) ZIF-67
Zn 2-nitroimidazole (nIM) ZIF-68
Cu, Mn, Fe, Zn 1,3,5-benzenetristetrazolate (BTT) M-BTT
Cu, Mn, Fe, Mg,
Co. 2n 2,5-dihydroxy-1,4-benzenedicarboxylate (DOBDC) MOF-74

On the other hand, the possibility of modifying both, the organic ligands and the metal
centers, by a post-synthetic procedure allows the obtention of MOFs with a wide variety of
functional groups.3”*® Examples include organic molecules, such as ethylenediamine,®
doxorubicin® and polyethyleneimine,** and metals/metal clusters.*>* The functionalized MOFs
can exhibit new and improved properties increasing their application in different fields, such as

44-47

adsorption,* separation,**8 and catalysis.*4%%0

1.2.2. Applications

Owing to their unique advantages and versatility, MOFs have attracted increasing
attention in recent years and have been extensively studied for applications in multiple fields.

Gas storage is one of the most popular application of MOFs,>3

especially as hydrogen
adsorbents for fuel storage,”*>® with the aim of developing energy containers, as well as for

carbon dioxide capture.®”

MOFs have also shown enormous potential as heterogeneous catalysts due to the
presence of different active sites in their structure.®®® They have proven to be efficient in
various catalytic reactions such as the cyanosilation of aldehydes, the oxidation of alcohols, or

the hydrogenation of olefins, as well as many other organic synthesis reactions.
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Further applications include in the field of biomedicine, their use as a controlled drug

162 or chemical sensors,%® and, more recently, its application for the

release systems
determination and removal of pollutants from water,®*®’ field in which MIL-101,% MIL-100%° and

Ui0-667° MOFs stand out.

1.2.3. Synthesis of metal-organic frameworks

1.2.3.1. Solvothermal synthesis

Synthesis optimization in metal-organic frameworks is an essential step to obtain
materials with desirable characteristics, mainly with regard to specific surface area, crystal size
and morphology. Due to the wide variety of existing MOFs, a universal method for their
preparation does not exist. In fact, different methods of synthesis have been developed to fulfil
these needs. However, as a general rule, MOFs are prepared by the solvothermal method, which
consists in the slow growth of crystals from a solution of organic and inorganic precursors at a
given pressure, temperature and pH. A wide number of MOFs, such as HKUST-1,”*and those of
the ZIF’?, UiO”>7* and MIL-1007° families, have been synthesized for the first time using this

method.
Many variables can influence the synthesis, the main ones to consider:
1. The temperature, which can range from room temperature to ~ 250 °C.

2. The pressure, self-generated inside the autoclave, depending on the temperature and the

ratio volume of autoclave/volume of precursors solution.

3. The nature of the components, both the metal salt and the organic ligand, and their relative

concentration.

4. The pH, which can vary over a wide range, depending on the MOF.
5. The reaction time, which can vary from hours to days.

6. The nature of the solvent used.

Because of the large number of parameters that influence the synthesis of MOFs, it is
usually necessary to optimize the synthesis protocol. This optimization can be carried out using
High-Throughput methods that allow studying the influence of different variables, having

become a very useful tool for the development of new materials.”®
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Although the solvothermal method is the most used, it has some drawbacks, including
the high reaction times and the difficulties of applying it on a large-scale synthesis. As a result,
other synthesis procedures have been developed that imply shorter reaction times and less

amounts of solvent.

1.2.3.2. Microwave synthesis

Microwave-assisted synthesis (MW synthesis) has been widely used for the preparation
of different materials in inorganic chemistry.””’® Currently, this method is presented as one of
the best alternatives to solvothermal synthesis since it can produce MOFs in very short times

(minutes) and with greater control over the morphology and size of the crystals obtained.

MW synthesis is based on the interaction between electromagnetic waves with mobile
electric charges, such as ions in solution and polar solvent molecules.” This interaction results
in more efficient and faster heating, accelerating the nucleation stage and allowing the
obtention of new crystalline phases. By using this method, the size of the crystals and their
distribution are affected, being usually smaller and more homogeneous than those prepared by

the solvothermal method.®

1.2.3.3. Electrochemical synthesis

Electrochemical synthesis represents a highly efficient method for the fabrication of
nanostructured materials with advantages of low cost, low synthetic temperature, high purity,
simplicity, and environmental friendliness.®! In the synthesis of MOFs by this method, the metal
cations diffuse to the reaction media through the anode and the organic linkers are dissolved
into the electrolyte, where both react to each other. HKUST-1 electrochemical synthesis, in
which a copper plate is immersed into a solution of H3BTC linker, is one of the most common in

the preparation of this material, allowing to obtain a MOF with a high surface area.®

1.2.3.4. Mechanochemical synthesis

Mechanochemical synthesis is a simple solid-state method based on a chemical reaction
that occurs using the energy from the milling process. Among the advantages of the
mechanochemical synthesis of MOFs are minimizing the cost of production by working at room

temperature, decreasing in the use of solvents and reducing the number of process steps.®8*

7
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However, it is important to mention that this method it cannot be considered solvent-free, since

an additional-purification step is needed.

1.2.3.5. Sonochemical synthesis

In the sonochemical synthesis, the chemical reactions occur under an ultrasonic
environment. The violent implosion of cavitation bubbles generates localized hot spots with
exceedingly high transient temperatures (5000 K) and pressures (1800 atm), inducing crystal
nucleation and growth.®> However, the particle size is limited since those hot spots are
characterized by extreme cooling rates, so the temperature of the reaction medium falls within
milliseconds. By sonochemical method, and under mild synthetic conditions, different MOFs
have been rapidly prepared. For example, in 2009, the efficient ultrasonic synthesis of HKUST-1
MOF was reported, obtaining smaller crystals (10-200 nm) than those synthesized using a

conventional solvothermal method.%¢

1.2.3.6. Environmentally friendly synthesis

The growing awareness of energy efficiency, toxicity, and environmental impact of some
chemical processes has led to the development of environmentally friendly synthesis
methods.8”# Recently, efforts in synthetic chemistry have focused on achieving less harmful
methods and processes. Although the conventional synthesis of MOFs depends on the use of
high boiling point organic solvents, such as N,N' dimethylformamide (DMF) or N,N'
diethylformamide (DEF), industrial green synthesis avoids these solvents due to their toxicity.
For this reason, many studies have been conducted to synthesize MOFs using water as a solvent
under room temperature. However, many of the organic ligands are not soluble in water, which
limits the synthesis of MOFs under these conditions. For example, the water solubility of
terephthalic acid, which is probably the most widely used organic ligand, is practically

insignificant (0.0017 g/100 mL at 25 °C).

To overcome this limitation, it has been proposed the use of water as a solvent under
critical conditions, since, under these conditions, the dielectric constant of water decreases and
the solubility of the organic ligand and the processes of crystallization/precipitation change
completely,® allowing the solvation of organic ligands,®” and so the use of alkaline salts of

organic ligands.
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1.3. Structural details of the studied metal-organic frameworks

1.3.1. MIL-125 type metal-organic framework

MIL-125 (Matériauxs de l'Institute Lavoisier), based on the coordination of titanium
clusters with aromatic carboxylic acids, crystallizes in the orthorhombic space group 14/mmm.
The highly porous titanium-based MOF structure is composed of basic TigOs(OH)s-(0,C-CgHs-
CO03)6 units and is built from cyclic octamers composed for octahedral titanium units that share
corners or edges (Figure 1.4). These octamers are connected to 12 other cyclic octamers through
BDC ligands, giving rise to a porous three-dimensional structure that has two types of cages, one
octahedral (12.5 A) and one tetrahedral (6 A). These cages are accessible through 6 A windows

(Figure 1.5).891

170

{ro 8
Wiels

Figure 1.4. Secondary building unit of the MIL-125 type metal-organic framework. Carbon, oxygen, and titanium atoms
are shown in black, red, and yellow, respectively.

MIL-125-NH, is isostructural to MIL-125 with smaller octahedral (10.7 A) and tetrahedral
(4.7 A) cages and can be prepared by replacing H,BDC with 2-aminoterephthalic acid (H,BDC-
NH,).
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Figure 1.5. Structure of the MIL-125 type metal-organic framework. Carbon, oxygen, and titanium atoms are
represented in black, red and yellow, respectively.

The high surface area of these MOFs and the presence of accessible -OH and -NH; groups
on the clusters and on the linkers, respectively, make them good candidates for adsorption,
separation, and catalysis applications. For example, Vermoortele et al. reported that MIL-125-
NH, shows high p-xylene selectivity in the separation of isomer mixtures in the liquid phase,®?

while Anjum et al. investigated it for CO, separations from biogas and natural gas.*®

1.3.2. NTU-9 type metal-organic framework

NTU-9 metal-organic framework, based on the coordination of titanium (IV) with 2,5-
dihydroxyterephtalic acid (DOBDC) ligands, crystallizes in the trigonal space group P-31c. In this

structure the titanium atom is octahedrally coordinated with six oxygen atoms from hydroxide
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and carboxylate groups (Figure 1.6). The connection between Ti(IV) atoms and DOBDC linkers
forms two dimensional (2D) honeycomb-like layers, which are stacked along the c-axis (Figure
1.7). The framework presents one dimensional (1D) channels about 11 Ax 11 A, which are similar

to the 1D channels of the MOF-74 structure.®

Figure 1.6. Secondary building unit of the NTU-9 type metal-organic framework. Carbon, oxygen, and titanium atoms
are shown in black, red, and yellow, respectively.

Due to its photoelectrochemical properties, NTU-9 has been used as visible light

photocatalyst for the degradation of pollutants® and for luminescent sensing.%®

Figure 1.7. Structure of the NTU-9 type metal-organic framework. Carbon, oxygen, and titanium atoms are
represented in black, red, and yellow, respectively.
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1.3.3. MIL-100 type metal-organic framework

The metal-organic frameworks of the MIL-100 family have a zeotype structure and
crystallise in the cubic system (space group Fd-3m). MIL-100 MOFs formed by different metals
such as Cr, Al, V, Sc, Ti or Fe have been described, being the MIL-100-Fe the most outstanding

due to its low toxicity, low cost and water stability.>%®

The structure of MIL-100-Fe consists of [FesO(OH)(H,0).]%* iron clusters, in which the
iron octahedra share a common us;-O-type vertex, linked by benzene-1,3,5-tricarboxylate

(H3BTC) ligands (Figure 1.8).%°

Figure 1.8. Secondary building unit of the MIL-100 type metal-organic framework. Carbon, oxygen, and iron atoms are
shown in black, red, and orange, respectively.

The resulting structure has two types of mesoporous cavities with an internal diameter
of 25 and 29 A in a 2:1 ratio. The access to the smaller cavities is through pentagonal windows
with an approximate diameter of 5.5 A, while the larger cavity can be accessed through the same
pentagonal windows as well as through hexagonal windows with an approximate diameter of

8.6 A (Figure 1.9).
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Figure 1.9. Structure of the MIL-100. Carbon, oxygen, and iron atoms are represented in black, red, and orange,
respectively.

The structure has solvent molecules coordinated to the metal centers. As mentioned
above, these molecules can be removed by heat treatment without altering the structure, giving
rise to coordinatively unsaturated metal ions, which are available for covalent coordination with

other molecules.

1.4. Materials derived from metal-organic frameworks

Thanks to their unique ordered porous structure, high surface area and versatility, MOFs
have become interesting precursors for the synthesis of new porous materials, among which

stands out the preparation of porous carbons and metal oxides.1%%101
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The controlled heating of MOFs at high temperature under an inert or oxidizing
atmosphere results in the formation of nanoarchitectured carbons or metal oxides, respectively
(Figure 1.10). In the first case, the MOF acts simultaneously as carbon source and template
because the organic ligands turn into a porous carbon and the metal centers of the MOF
aggregate and distribute on the carbon as metal or metal oxide particles.!> The obtained
carbons maintain the morphology of the pure MOF, show active sites and high specific surface
areas and porosity, with the advantage, over the precursor MOF, of being chemically more
stable. Furthermore, the metal particles distributed in the carbonaceous structure can provide
new properties to the material, act as precursor for the preparation of hybrid materials or be
removed to increase the porosity of the carbon.!®% Al these characteristics make MOF-

derived carbons suitable materials for a wide range of applications, such as removal of

107 108 109

pollutants,

gas storage

and catalysis.

N, atmosphere

MOF-derived carbon

See WOMO
e oY,
S wewe
YO e
0, atmosphere ot S
MOF A Edd 4 4 4 ""'

MOF-derived metal oxide

Figure 1.10. Schematic process for the preparation of MOF-derived materials.

If the MOFs is heated under air/oxygen atmosphere nanostructured metal oxides are
obtained, due to the oxidation of metal centers and the release of CO, and NOy from the
decomposition of organic ligands during thermal treatment (Figure 1.10). The so prepared metal
oxides also retain the morphology of the precursor MOF, show high surface area and can be
doped with heteroatoms coming from the linker.?'° Currently, following this thermal treatment,
different porous metal oxides such as Fe;03,'! C0304,'? TiO,!® and CuO'* have been
synthesized and applied in lithium-ion batteries and as electrochemical capacitors (ECs), among

other applications.
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Chapter 2

State of the art and objectives

This Chapter provides a comprehensive
overview of what has been done in the
application of MOFs and derived materials for
the removal of pollutants, as well as what
should be further investigated, in order to
formulate the main objectives of this thesis.
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2.1. State of the art

The degradation of the environment is one of the main problems facing humanity today.
Rapid scientific and technological advances have allowed great developments for humanity,
however they have also led to the alteration of the ecological balance of the planet and, as a
result, caused harmful effects on the environment. From the 70s, society began to develop
awareness of the need to protect the environment, and the concept of Sustainable Development
is introduced. This term was first formulated in the Brundtland report (1987) and was defined
as: “To fulfil the needs of the present generations without compromising the possibilities of the
future” ! According to this definition, sustainable development seeks the reconciliation between

economic growth, natural resources, and society.

In order to achieve sustainable development, it is essential to reduce and control the
pollution generated by citizens and to seek new alternatives of production through less harmful
technologies, in combination with pressure from governments through more restrictive
legislation. For this reason, industries have started to adapt their processes according to the
recommendations of Green Chemistry.? This term was introduced by Environmental Protection
Agency (EPA) in 1996 and aims at the design, development and implementation of processes

and chemicals intended to reduce or eliminate dangerous substances from the environment.3

On this matter, water is an essential natural resource for all living beings and our planet.
For this reason, the current anthropogenic pollution of water resources has become a serious
global problem. At present, it is known that water contains a wide variety of substances that are
harmful to human and environmental health, among which persistent organic compounds
(POPs), such as herbicides, pesticides, phenolic compounds, and pharmaceutical compounds can
be highlighted. In this context, the development of efficient and simple technologies capable of
eliminating these contaminants and guarantee the quality standards of water is urgent. To
achieve this objective, different strategies have been developed to eliminate the contaminants

present in water, such as heterogeneous photocatalysis,*> Fenton oxidation,® microwave-

9,10 11,12

induced catalytic degradation,”® electrochemical oxidation®'° and adsorption.

Adsorption, using porous materials as adsorbents, due to its efficiency, low cost,
simplicity and no generation of harmful secondary products, is presented as a promising strategy

for water decontamination. Consequently, research is focused on the development of new
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adsorbent materials with greater adsorption capacity, selectivity, stability and

regenerability. 13

The excellent properties of MOFs, such as large specific surface area and high porosity,
which facilitates the diffusion of different molecules to binding sites, and their high variety, in
terms of topology and composition, make them promising materials for the extraction of organic
pollutants. For instance, ZIF-67, MIL-100 and UiO-66 MOFs have been efficiently used for the
extraction of different pharmaceuticals,®>*® dyes'®?! and phenolic compounds.?>* The
adsorption of these pollutants by MOFs occurs through a number of different mechanisms,
including electrostatic interactions, hydrogen bonding, acid-base interactions, m—rinteractions,
or a combination of them (Figure 2.1). Previous studies have shown that the incorporation of
functional groups in MOFs, via functionalization of their organic linkers and/or metal nodes,
enhances these interactions, thus improving their selectivity and adsorption capacity.?*% For
example, it has been shown that the incorporation of amine groups in the coordinatively
unsaturated metal centers of the MIL-101 MOF significantly increases its naproxen and
oxytetracycline adsorption capacity.?®?” A similar approach was used by Dapaah et al. who
functionalized MIL-101 MOF with pyridine-2-carboxaldehyde, thus achieving an improvement in
its extraction capacity of bisphenol A.22 Other examples are the preparation of carboxylic-acid-
functionalized UiO-66-NH; for the extraction of triclosan? and the use of MIL-101(Cr) with nitro
groups for the removal of methylenedianiline and p-phenylenediamine,®® in which the

extraction capacity was increased by hydrogen bonding between the MOF and the pollutant.

@D - adsorbate
- 1t stacking interaction

Hydrogen bonding T ; “ﬁ"’
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Figure 2.1. Several plausible mechanisms for the adsorption of pollutants over MOFs.

For the practical application of MOFs as adsorbents, it is important to study their
adsorption capacity and kinetics, which depend on their chemical, textural and morphological

properties, as well as their stability. Besides thermal stability, another important aspect to
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consider in the use of MOFs as adsorbents is their chemical stability. Many of the coordination
bonds in MOFs are reversible, which means that they are more easily attacked by molecules
with stronger coordination capabilities, such as water molecules, causing structural collapse. In
this regard, stable porous carbons have been prepared by a facile and single-step calcination
procedure under an inert atmosphere, without the need of any additional carbon precursors
using MOFs as both, templates and carbon precursors.3¥3 These materials, due to their
remarkable high surface area, thermal and chemical stability, and their tendency to establish
favourable interactions with the aromatic rings of organic compounds, have become very
promising materials for water treatment.®>3® For instance, porous carbons derived from ZIF-8,%
ZIF-67, MOF-743* and MAF-6°° have been successfully used for the removal of pharmaceuticals,

dyes, insecticides and hydrocarbons, among others.

Another efficient procedure for the treatment of polluted water is the degradation of
environmental contaminants by heterogeneous photocatalysis, which allows the transformation
of different compounds into less toxic species using a semiconductor as photocatalysts.*%*! The
photocatalytic process starts when the semiconductor material absorbs radiant energy greater
than or equal to the bandgap energy (Eg). This fact causes the transfer of electrons (e) from the
valence band (VB) to the conduction band (CB), giving rise to the formation of electron-hole
pairs (e/h*).*** The photogenerated e’/h* pairs allow the initiation of a series of redox reactions,
which aim to produce hydroxyl radicals (-OH) with sufficient oxidation potential to degrade,
quickly and non-selectively, a wide spectrum of pollutants adsorbed on the surface of the

catalyst (Figure 2.2).

0,
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Figure 2.2. Schematic representation of the formation/production of radicals on the surface of a semiconductor.
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Among the different semiconductors, such as Ti0,,** Zn0,** Cu0,*® W0;,* and
Fe,0;,%° that can be applied to degrade organic contaminants, due to their high photochemical
stability and low toxicity, TiO; and ZnO oxides are the most used. However, the application of
these oxides for photocatalytic degradation has some drawbacks, such as high band gap, quick
recombination of e and h*and incomplete mineralization of the pollutants. In order to overcome
these limitations, new porous metal oxides have been prepared using different methods.>>*? In
this context, recently, MOFs, due to their highly ordered pore structure, large surface area and
chemical versatility, have been used as precursors for the preparation of porous metal oxides
by a simple oxidation procedure.>*>> For example, metal oxides derived from zinc-based MOFs,
such as ZIF-8°%°7 and MOF-5,>%%° have shown excellent performance for the degradation of a
variety of organic dyes. The preparation of TiO, derived from MOFs has focused on the use of
MIL-125 type MOF as a precursor. For example, a carbon-doped TiO; derived from MIL-125 has
been successfully applied for the photodegradation of bisphenol A under visible light radiation,®
while Li et al. also synthesized an anatase/rutile mixed phase TiO, through the pyrolysis of MIL-

125 for the degradation of nitrobenzene®! and rhodamine B.%2

One of the most critical points when using powdered materials for the removal of
environmental pollutants is the separation of the adsorbent or catalyst from the sample
medium, which usually requires laborious and time-consuming filtration (or centrifugation)
procedures with the consequent loss of solid particles. An interesting strategy to improve this
step is the incorporation of the porous material on supports such as fibers, monoliths, sponges,
and membranes, which facilitates the material recovery and its applicability. For instance, a
polytetrafluoroethylene (PTFE) double layer membrane has been modified with ZIF-8 MOF and

tested for the adsorption of progesterone from water.®

Moreover, UiO-66 has been
incorporated into porous polymer monoliths to enhance the chromatographic liquid separation
of small molecules.® Prasetya et al. also described the growth of a polycrystalline layer of MOF-
808 on the surface of a yttria-stabilised zirconia hollow fibre support and the application of the
prepared hybrid material in the adsorption of diclofenac.®® Other examples of the incorporation
of porous materials on supports for the removal of pollutants are the growth of ZIF-8 MOF onto
a melamine sponge for effective oil/water separation® and the use of a hybrid membrane

composed of NH,-MIL-88B MOF and graphene oxide for the degradation of methylene blue dye

through a photo-Fenton process.®”

3D printed supports have become a very promising alternative to conventional supports
for the preparation of functional devices. 3D printing (or additive manufacturing) is a new

manufacturing technology that allows the creation of three-dimensional objects by
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superimposing successive layers of a given material. The main advantage of this technique is the
high processability of the polymers used, since they can be easily moulded into any shape, which
offers great opportunities for the development of new materials.®®% In this context, recently,
the incorporation of MOFs into 3D printed supports, obtained by using different 3D-printing
techniques such as stereolithography or fused deposition modelling, has led a new generation
of highly customized devices with great potential in many fields, including gas adsorption,”®’*
energy storage,’>’® catalysis’* and pollutant removal.”> However, although the possibilities of

using 3D printing in this last field are enormous, they have been still barely exploited.

2.2. General objectives of the thesis project

The protection of the environment and the management of natural resources requires
the development and improvement of technologies both to control parameters of
environmental interest, as well as to eliminate contaminants present in the environment.
Bearing this in mind and what has been discussed throughout this chapter, the main objective
of this Doctoral Thesis is to develop new hybrid materials, based on metal-organic frameworks
and derived materials, to evaluate their suitability towards the extraction and degradation of
environmental pollutants. For the achievement of this main goal, three specific objectives have

been set:

1. The synthesis and characterization of a porous carbon derived from MIL-125-NH, metal-
organic framework, as well as the evaluation of its adsorption capacity for organic
pollutants. Preparation of a hybrid membrane from the obtained carbon and study of
its extraction and preconcentration capacity of toxic phenolic compounds present in

plastics.

2. The preparation and characterization of a porous titanium oxide derived from the NTU-
9 MOF and the evaluation of its use as a photocatalyst for the degradation of methylene
blue dye. Obtention of a magnetic stirrer coated with the synthesized TiO; and study of

its application in the photodegradation of the dye.

3. The grafting of a MIL-100-Fe MOF with aminomethane sulfonic acid, as well as the

evaluation of its extraction capacity for the anti-inflammatory drug diclofenac.
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Incorporation of the functionalized MIL-100-Fe onto a 3D printed column and the
evaluation of the developed device for the extraction, preconcentration and analysis of

low levels of pharmaceuticals in water samples.
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Chapter 3

Instrumental techniques

This chapter describes the fundamental
principles of the different experimental techniques
and instrumentation used in the characterization
of the prepared MOFs and their derived materials,
as well as in the monitoring of the pollutant
removal processes.
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3.1. Characterization techniques

Physicochemical characterization of porous materials is fundamental for understanding
their properties and their behaviour. The most useful techniques in the characterization of MOFs

are X-ray diffraction, nitrogen physisorption and electron microscopy, among others.

3.1.1. X-Ray diffraction

X-Ray diffraction (XRD) is a powerful non-destructive technique for the characterization
of crystalline materials. It provides information about the crystalline structure and structural
parameters such as average crystal size, crystallinity degree and structural defects.
Fundamentally, this technique is based on the coherent scattering of an X-ray beam by matter

and the constructive interference that occurs at certain angles.

In crystalline solids, the Bragg Law predicts the direction of the constructive interference

between the beams by the following equation:'?
n-A=2-dyg - Sin O [Equation 1]

where n is the diffraction order, A is the wavelength of the incident radiation, d is the interplane

distance, @ is the diffraction angle and hkl are the Miller indices of the chosen diffraction line.

From the diffractogram it is possible to determine the diffraction angles and, with the
wavelength and using equation 1, the interplane distances can be calculated. With the d values,
it is also possible to assign the indices to the different reflections, which allows to determine the
crystal symmetry and even the crystal lattice parameters (the angles and dimensions of the unit

cell).

The XRD pattern is unique to each compound. Therefore, this technique allows us to: (i)
identify solids by comparing the obtained diffractogram with those found in the bibliography

and (ii) determine the crystal purity of the sample.?
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Experimental method

The materials studied in this work were characterized by a Bruker D8 Advance X-ray
diffractometer equipped with a copper anticathode (CuK, radiation), a nickel filter and a Lynxeye
one-dimensional energy dispersive detector. The Bragg-Brentano geometry of the instrument

and its schema of operation is shown in the Figure 3.1.

X-ray
generator v Soller slit

Fixed or variable
windows

Ni filter
Detector

LYNXEYE XE

Fixed or variable

Soller slit windows

=

Rotating sample holder

Figure 3.1. Bragg-Brentano geometry of the diffractometer.

The radiation from the X-ray tube is diffracted by the sample and collected by the one-
dimensional energy dispersive detector. The detector has a system of fixed or variable windows
through which it is delimited the lighting area of the sample and eliminated unwanted scattered
radiation. It also has two Soller slits formed by a set of parallels metal sheets that limit the
vertical divergence of the X-ray beam and, finally, before reaching the detector, the

diffractometer includes a nickel filter to remove the Kg component from the radiation.

The diffraction measurements were performed in air and at room temperature. Table

3.1 specifies the experimental conditions used.

Table 3.1. Experimental conditions used to obtain diffractograms.

Radiation CuKq (A=1.5418 A)
Angular interval (20) 1.5-35° or 5-75°
Step size 0.01°, 26
Residence time 1 second/step
Voltage 40 kv
Intensity 40 mA
Opening of the divergence slits 0.68 mm
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3.1.2. N adsorption-desorption

There are several different techniques to carry out the textural characterization of
materials, being the physical adsorption of gases one of the most used.*® The processes of gas
adsorption on the surface of a solid are divided into two categories depending on the type of
adsorbate-adsorbent interactions: physisorption (physical reversible interaction) and
chemisorption (chemical interactions, non-reversible). Physisorption has a series of
characteristics that make it particularly suitable for the textural analysis of materials:® (i) it
involves only dispersive forces, so the adsorption heats are low, in the order of latent heat of
vaporization or sublimation of the adsorbate, (ii) the adsorption is reversible and nonspecific,
allowing the study of the adsorption and desorption phenomena and (iii) it can be extended

beyond the monolayer producing a multilayer adsorption.

For a given gas/solid system, the amount of gas adsorbed per gram of solid, x, at

constant temperature, T, depends on the pressure p by the following equation:
x = f(p)T [Equation 2]

If the temperature is below the critical temperature of the adsorbate, it behaves like a
vapor. In this case, it is convenient to replace the absolute pressure p by the relative pressure
p/Po, Where po is the saturation pressure of the gas at the measurement temperature, T.

Accordingly, Equation 2 can be written as:
— p ;
x=f (p—) T [Equation 3]
0

The graphical representation of the amount of gas adsorbed, x, as a function of relative
pressure, p/po, at constant temperature, T, is known as the adsorption isotherm. The type of the
isotherm depends on the type of pores of the solid and the relative values of the adsorbate-
adsorbent interaction energies. According to the IUPAC classification, most adsorption
isotherms can be grouped into one of the six types represented in the Figure 3.2. The first five
isotherms, Types | to V, appeared in the initial classification proposed by Brunauer, Deming,

Deming, and Teller (BDDT classification).’ Isotherm VI was identified later.’

46



Chapter 3: Instrumental techniques

I(a) I(b)
s — —
I 11
o
B - -
X -
IV(a) IV(b)
g |
/ %
©
[1+]
1S
= |
Q
E
< Vv Vi
”
; -
t

Relative pressure ———— jm—

Figure 3.2. Classification of physisorption isotherms.

Reversible Type | isotherms are characteristic of microporous solids (some activated
carbons, molecular sieve zeolites and certain porous oxides) having relatively small external
surfaces. The high adsorption energy allows the gas to be adsorbed at low pressures. For
nitrogen adsorption at 77 K, Type I(a) isotherms are presented by microporous materials with
mainly narrow micropores (of width <~1 nm); while Type I(b) isotherms are typical of materials

with larger pore sizes, around 2.5 nm.

Reversible Type Il and Type lll isotherms are characteristic of gas physisorption on
nonporous or macroporous adsorbents. The shape is the result of unrestricted monolayer-
multilayer adsorption up to a relative pressure close to 1. The point B generally corresponds to
the end of the monolayer coverage. In Type lll isotherm, there is no Point B and therefore no

identifiable monolayer formation.

Type IV isotherms are given by mesoporous adsorbents, such as many oxide gels,
industrial adsorbents, and mesoporous molecular sieves. The adsorption behaviour in

mesopores is determined by the adsorbent-adsorbate interactions and by the interactions
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between the molecules in the condensed state. In the case of a Type IV(a) isotherm, capillary
condensation is accompanied by hysteresis. This phenomenon occurs when the pore width
exceeds a certain critical width, that depends on adsorption system and process temperature.

Type IV(b) isotherms are given by conical and cylindrical mesopores.

Reversible type V isotherms are also characteristic of mesoporous materials. In the low
p/po range, the shape of the isotherm Type V is very similar to that of Type Ill, and this can be
attributed to relatively weak adsorbent-adsorbate interactions. At higher p/po, these

interactions are followed by pore filling.

The reversible stepwise Type VI isotherm is representative of layer-by-layer adsorption

on a highly uniform nonporous surface.

Frequently, adsorption-desorption isotherms present a zone of partially irreversibility in
which the retention of a certain amount of gas takes place at a relatively higher-pressure during
adsorption than at desorption, forming a loop or hysteresis cycle. Reproducible, permanent
hysteresis loops, which are in the multilayer range of physisorption isotherms, are generally
associated with capillary condensation. Hysteresis cycles can adopt many forms, each of which
corresponds to a certain geometry and pore size. Figure 3.3 shows the classification of the type

of hysteresis cycles according to IUPAC.”
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Figure 3.3. Classification of hysteresis loops.

The determination of the specific surface area of a solid from its adsorption isotherms
requires knowledge of: (i) the monolayer capacity, Xm, which is the amount of adsorbate per

gram of solid needed to get the surface completely covered by a monolayer and (ii) the surface
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covered by an adsorbate molecule, Am, which, in the case of nitrogen at 77 K, is considered 16.2

o

AB
The relation between the surface area and these magnitudes is:

XmN-Apm-10720
s(m?/g) = % [Equation 4]

where N is the Avogadro’s number, M is the molecular weight of the adsorbate and 10 is a

necessary factor for the conversion of A2 to m2.

The determination of the specific surface area of a material requires knowing the
monolayer capacity, which can be obtained from the adsorption isotherm by application of
simplified mathematical methods. Despite the oversimplification of the model applied, the
Brunauer-Emmett-Teller (BET) method has become the most widely used standard procedure
for determining the specific surface area of finely divided and porous materials.® The model is

an extension of Langmuir adsorption treatment.

The BET equation is usually used in its linear form:

p 1 (c—1

Vin-C

14 .
= -— [Equation 5
Vads (0o—p) Vim-C ) Po [Eq ]

where Vg5 is the amount of adsorbed gas per gram of adsorbate at relative pressure p/po, Vim is
the monolayer capacity expressed in cm? of adsorbent per gram of adsorbate and C is a constant
related to the heat enthalpy of the first layer adsorption. Although the value of C can be used to
characterize the shape of the isotherm, it does not provide a quantitative measure of the
adsorption enthalpy. It only provides a simple indication of the magnitude of the interaction

energy between adsorbate and adsorbent.

Plotting p/[Vaas(po-p)] versus p/po, a linear correlation is obtained in the low-pressure
zone, usually with p/po between 0.05 and 0.3, which corresponds to the pressure range in which
the BET equation correctly describes the isotherm. From the slope and the Y-intercept, obtained
by adjusting the line by the least squares method, the monolayer capacity, Vi, and the C value
are determined. The monolayer capacity in cm® can be converted to the corresponding value of

Xm, and once obtained, the specific surface area can be determined using Equation 4.

On the other hand, the Two-Dimensional Non-Local Density Functional Theory (2D-
NLDFT),’® is one of the most used methods for the determination of pore distribution. This
method is applied to calculate the properties of the condensed sorptive fluid within the pore,

generating theoretical isotherms that indicate the amount of gas adsorbed as a function of pore
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size and pressure at specific conditions. Applying a mathematical comparison between these

theoretical isotherms with the experimental ones, the pore size of the samples is obtained.

Experimental method

The experimental determination of the adsorption-desorption isotherms presented in
this thesis was performed with an automated instrument, Micromeritics Tristar 11 3020 analyser,
using nitrogen as an adsorbate and helium to calibrate the dead volumes that cannot be
measured. Before nitrogen adsorption, the sample was previously degassed at 140 or 200 °C for

12 hours.

3.1.3. Electron microscopy

Morphological characterization of the materials was carried out by scanning electron

microscopy (SEM) and transmission electron microscopy (TEM).

When a high-energy electron beam impacts upon matter, a series of signals are
produced, and the detection and quantification of them is the basis of the different electron
microscopy techniques.!! One of the possibilities is that the primary electrons (electrons of the
beam) collide with the more external electrons of the sample, knocking them off. These
secondary electrons are the basis of the scanning electron microscopy. On the other hand, the
primary electrons can also interact with the more internal electrons of the sample, exciting
them. During the relaxation process, these electrons emit characteristic X-radiation that
provides information about the chemical composition of the sample (EDS, Energy dispersive X-
Ray Analysis).*? Besides, depending on the thickness and the composition of the sample, when
the electron beam impacts, the electrons of the sample can be transmitted or elastically
scattered (diffracted). These transmitted electrons are used by transmission electron

microscopy for obtaining images.

With SEM it is possible to know the morphology and the crystal size of a solid.!® For this
reason, it is a very useful technique for the set-up of synthesis methods. The SEM has a large
depth of field, which allows to simultaneously focus areas at different heights of the sample and
to produce an image that is a good representation of the three-dimensional sample. So, using

this technique, it is possible to obtain images with high definition and resolution, as long as the
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particle size is at least 60 nm. Below that value, it is necessary to use transmission electron

microscopy, which offers a two-dimensional image of the solid. In this case, in order to minimize

the interactions of the beam with the sample atomes, it is necessary to use very thin samples so

the electron beam can pass through them.

The path of the electron beams in SEM and TEM microscopes are represented in Figure

3.4 and Figure 3.5, respectively.
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Figure 3.4. Scanning electron microscope diagram. Figure 3.5. Transmission electron microscope diagram.

Experimental method

The SEM images presented in this thesis were obtained with a Hitachi S-3400N scanning

electron microscope, operating at 15 kV. To avoid problems caused by the accumulation of

electrical charge, the samples were coated by vaporization with a thin layer of gold. EDAX

analysis was performed using a Bruker AXS XFlash 4010 EDAX detector coupled to the scanning

electron microscope.
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To obtain the TEM images, a Hitachi H-600 ABS TEM was used, operating at 100 kV,
whose maximum resolution is 4.5 A. For the analysis, the samples were dispersed in pure

ethanol and spotted on a copper grid. The dried samples were analysed under a high vacuum.

3.1.4. Thermogravimetric analysis

Thermogravimetry is an analysis technique that records the mass loss of a solid as a
function of temperature. Among the various existing modalities, the most used is dynamic
thermogravimetry. In this modality, the mass of the sample is continuously recorded as the

temperature increases linearly.'

The representation of the mass change versus the temperature, or thermogram,
provides information about the thermal stability of the sample, the presence of adsorbed

molecules on the surface and about the composition of the initial sample and the residue.

Experimental method

The thermograms presented in this thesis have been used to determine the mass of
residue obtained after heating each of the studied samples. They were registered using a SDT
2960 (TA Instruments) equipped with a DSC-TGA simultaneous analyser (Figure 3.6). The

samples were heated in air from 25 °C to 800 °C, using a heating rate of 5 °C/min.
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Figure 3.6. SDT 2960 thermobalance diagram.
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3.1.5. Zeta Potential

Zeta potential is used in colloidal chemistry to study the behaviour of dispersive systems

in liquids. It is also used to characterize the electrical double layer at the solid-liquid interface.

In contact with a polar environment as water, the surface of the particles is charged
because of ionization processes, physical adsorption and ionic solution. This superficial charge
affects the arrangement of the ions in the polar environment. Oppositely charged ions are

attracted to the surface of the particle and ions of the same sign are repelled.?®

An electrical double layer is formed because of thermal or Brownian motion.?®” This
double layer consists of a charged surface and oppositely charged ions, which are diffusely
distributed throughout the polar medium. The existence of the electrical double layer is related
to the electrostatic interaction between the particles in suspension and, consequently, to the

stability of the suspension.

Accordingly, the zeta potential depends on many factors such as solvent composition,

chemical composition of the particle's surface, pH, and suspended ions.

Experimental method

The zeta potential measurements were carried out by microelectrophoresis technique.
This technique uses two electrodes connected at the edges of a chamber, which, when
connected to a power source, create an electric field that crosses the cell. Charged colloids move

within the electric field and their direction is related to the zeta potential (Figure 3.7).

A Malvern Zetasizer Nano ZS90 instrument was used to carry out the zeta potential
measurements in this doctoral thesis. The isoelectric point of the prepared materials was

determined by plotting the zeta potential against pH.
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Figure 3.7. Malvern Zetasizer Nano Z590 diagram.

3.1.6. FTIR spectroscopy of probe molecules

Infrared spectroscopy of probe molecules is a very useful technique for the study of the
surface, both internal and external, of porous solids as metal-organic frameworks.’®%° This
technique is based on the adsorption of molecules on the surface of a solid and in the study of

the modifications produced to the IR spectra due to adsorbate-adsorbent interaction.

As a result of this interaction, the most significant changes in the vibrational spectra of
the adsorbed molecules are: (i) variation of active modes due to a change in the symmetry and
(i) changes in the wavenumber and also in the intensity and width of the characteristic IR
absorption bands. In addition, when the molecular probe interacts with the porous solid, the
vibrations of the framework and of the hydroxyl groups present on the surface of the solid are
also usually modified. The study of these modifications, both, those of the molecular probe and
those of the adsorbent, allows to obtain information on: (i) Brgnsted acidity that is given by the
surface hydroxyl groups, (ii) Lewis acidity, due to the presence of coordinatively unsaturated
metal sites, (iii) oxidation state and environment of the metal centers and (iv) functional groups

present in the framework.

In IR spectroscopy, the choice of the molecular probe is very important. The selection
depends on the system under study, but in general, the molecule used as a spectroscopic probe

should have certain properties:
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(i) Its interaction with the surface of the solid should create a spectroscopic response that
can be easily detected. This response must be able to discriminate between active
centers of different nature (oxidation states). The probe molecule must be also sensitive

to the environment of the metal centers.

(ii) The molar absorption coefficients of the characteristic vibration modes of the probe
must be high, to ensure optimal sensitivity. If quantitative studies are also carried out,

their values must be known.

(iii) The shift of the IR absorption band produced due to the interaction between the probe
and the solid surface must be measurable with precision. Therefore, these shifts must

be greater than the intrinsic bandwidth of the considered vibration modes.

(iv) The interaction of the probe molecule with the solid, at the working temperature and
pressure conditions, must be weak enough to avoid chemical reaction with the porous

material.

The most common molecules used as spectroscopic probes, such as CO, CO,, N, H,,
CDsCN, pyridine, ... have relatively simple structures and present bands in the infrared spectrum
that are easily distinguishable from those resulting from the solid under study. However, it is
often difficult to find a single molecule that satisfactorily meets the requirements for fully

characterizing a material, therefore two or more different probes are often used.

The small size of CO (kinetic diameter of 0.376 nm) makes this molecule a good
candidate for the study of the surface of metal-organic frameworks. For this reason, it has been

used in the characterization of these and other solids.?%%

The interaction of CO with the solid acid centers gives rise to the appearance of, in the
C—O stretching region of the IR spectrum, as many bands as the number of different acid centers
recognize the molecule. The CO interacts, through the carbon atom, with the acid centers of the
solid, forming OH--:CO and M™:-CO adducts with the Brgnsted and Lewis acid centers,
respectively.?*% Due to the polarization induced in the CO by the interaction of the molecule
with the acid centers, there is an increase in the vibration wavelength with respect to the free
molecule. The magnitude of this hypsochromic shift is a measure of the acid center strength:
the greater the shift, the greater the acid strength. CO can also interact through the oxygen atom
with the acid centers of the solid, forming adducts OH-:-:OC and M"*---:OC with Brgnsted and Lewis

acid centers, respectively.?>?” In this case, as a consequence of the interaction, the vibration
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wavelength of CO decreases, and the magnitude of the bathochromic shift is also a measure of

the acid strength of the center.

Experimental method

The IR spectra of adsorbed carbon monoxide presented in this thesis were obtained
using a quartz cell with sodium chloride windows and a central tube, consisting of a copper
sample holder, which allows to cool the sample with liquid nitrogen (Figure 3.8). The samples
were prepared as thin self-supported wafers and thermally activated (180 °C during 8 h) under
dynamic vacuum before the analysis. Once the activation process was finished, the cell was
transferred to the measurement cavity of a Bruker Vertex 80v spectrophotometer, working at 3

cm? resolution, and the infrared spectra were acquired before and after CO adsorption.

NaCl windows
—

IS

Copper sample holder

Figure 3.8. Quartz cell for carrying out IR spectroscopy experiments using CO as molecular probe.

3.1.7. UV-Vis diffuse reflectance spectroscopy (DRS)

UV-Vis spectroscopy is a technique that provides information about the electrical

structure of materials and their optical properties.

When a semiconductor solid is exposed to a radiation of adequate wavelength, it
produces electronic transitions from the valence band to the conductive band of the solid,
resulting in the apparition of an absorption band in the UV-Vis spectrum. The fundamental
transition between the semiconductor bands, makes it possible to calculate the band gap (Eg),

using the Kubelka-Munk equation:?®
(F(R)-hv)r = (hv-Eg) [Equation 6]

where Eg is the band gap energy, hv corresponds to the energy of the incident photon, n can
take values of % or 2 depending on the type of transition (direct or indirect), and F(R) is

proportional to the extinction coefficient and is described by the following equation:
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_n)2
F(R) = % [Equation 7]

where R is the diffuse reflectance in %.

Then, plotting [F(R)-hv]" against the photon energy (hv), a curve is obtained. By applying
linear regression to the part with greater slope and by extrapolating this line to a value of F(R) =

0, the value of hv corresponds to the band energy (Eg) according to Equation 6.

Experimental method

UV-Vis diffuse reflectance was used for the determination of the band gap of the
prepared titanium oxides derived from the NTU-9 metal organic framework. This measurement
was carried out with a Thermo-Fisher Scientific Evolution 300 spectrometer, equipped with a

diffuse reflectance accessory (integration sphere).

3.2.  Analytical techniques

3.2.1. Ultraviolet-visible spectroscopy

The ultraviolet-visible spectrum (UV-Vis) originates from the electronic transitions of
molecules.?® This technique is frequently used in the quantitative determination of the
concentration of absorbent species in solution through the Lambert-Beer law, which establishes
that the absorbance, A, is proportional to the concentration of the absorbent species, c,

according to the equation:%3!

A=¢ [l ¢ [Equation 8]

where g is the molar absorption coefficient (characteristic of each substance) and Lis the optical

path.

Experimentally, the sample is irradiated with UV-Vis electromagnetic radiation of
wavelength between 200 and 800 nm. The transmitted light is recorded by a detector located

on the opposite side. Figure 3.9 represents a double beam UV-Vis spectrophotometer.
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Figure 3.9. Diagram of a double-beam UV-Vis spectrophotometer. The tungsten lamp emits visible light, and the
deuterium lamp emits ultraviolet light.

Experimental method

In this work, UV-Vis spectroscopy was used to quantify the adsorption or degradation of
various organic pollutants. The spectroscopic measurements were carried out with a Jasco V-

730 UV-Vis spectrophotometer.

3.2.2. High performance liquid chromatography (HPLC)

High performance liquid chromatography is a very popular analytical technique used for

the separation, identification and quantification of substances present in a mixture.3?

It is an advanced chromatography technique that uses pumps to pass a pressurized
liquid solvent containing a mixture of the analytes through a column filled with a solid adsorbent
material (the stationary phase). The adsorbent is a granular material (silica, polymers, ...)
composed of solid particles of size between 2 and 50 um. The pressurized fluid (the mobile
phase) is normally composed of a solvent mixture (water, acetonitrile, methanol, among others).
When a small volume of the sample (typically microliters) is introduced into the stream of the
mobile phase, each component in the sample interacts slightly differently with the stationary
phase, causing different flow rates for the different components and leading to their separation
as they flow out of the column. The retention of the components depends on the nature of the

compound and the composition of both the stationary and the mobile phase. The time at which
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a specific analyte elutes from the column is called its retention time. The retention time,
measured under specific conditions, is characteristic of each analyte, allowing their

identification. Figure 3.10 shows a diagram of the HPLC equipment.

= —~
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o s Solvent Gradient Mixing High-pressure
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Data
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Detector Analytical column Pre-column

Figure 3.10. Diagram of the HPLC equipment.

HPLC differs from traditional liquid chromatography in that its operational pressures are
significantly higher (50-350 bar). There are many types of HPLC techniques, depending on the
interaction between the sample and both phases, such as partition chromatography, normal-
phase chromatography, reversed-phase chromatography, size-exclusion chromatography, ion-
exchange chromatography, and bioaffinity chromatography. Moreover, the HPLC uses different
types of detectors to generate a processing signal, the most common being UV/Vis, photodiode

array (PDA) or mass spectrometry.

Experimental method

The reversed-phase HPLC was used for the separation and determination of different
pharmaceuticals and phenols from a mixture. The stationary phase was composed of silica
particles (C18 SpeedCore column), and the mobile phase was a mixture of acetonitrile-water.
The instrument used was a HPLC Jasco Chromatograph equipped with a high-pressure pump

(PU-4180), a manual injector, and a photo diode matrix (MD-4017).
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Chapter 7: General conclusions

In this Doctoral Thesis, new porous solids based on MOFs and derived materials have
been developed and tested in the adsorption and degradation of emerging and priority

pollutants in aqueous samples.

Different types of MOFs have been synthesized by more environmentally friendly
synthesis processes and, through their calcination in different atmospheres, MOF-derived
materials have been prepared. In all cases, the obtained solids have been adequately
characterised with different instrumental techniques. The prepared materials have
demonstrated good performance in the removal of dyes, phenolic compounds and
pharmaceuticals. Moreover, all of them have shown a great recyclability, with the additional
advantage of being easily recoverable from the water medium due to their incorporation in

different supports.

First, a porous carbon, derived from MIL-125-NH, MOF (C-MIL-125-NH,) by a simple
calcination process, has been prepared, characterized and tested as sorbent of emerging
pollutants. After the calcination process, the C-MIL-125-NH; maintained the disk shape
morphology of the precursor MOF, showed TiO, particles homogeneously distributed in the
structure and micro and mesoporosity. The prepared carbon has demonstrated fast adsorption
kinetics of BPA and 4-tBP, reaching equilibrium after 25 minutes for both pollutants. Moreover,
by a simple method, using a nylon filter and PVDF as polymer binder, a mechanically stable
hybrid membrane has been prepared and tested for the extraction and preconcentration of BPA
and 4-tBP, obtaining enrichment factors of 109 and 46, respectively. The prepared hybrid
membrane has also demonstrated its potential application for the simultaneous extraction and
analysis of low levels of mixtures of environmental pollutants in real water samples, high ability
to treat high volumes of polluted water and easy and excellent regenerability, making it a
promising material for its use as adsorbent of different environmental pollutants in wastewater.
Moreover, the developed methodology is easily extensible to obtain carbons from other MOFs,
with a great potential in a large number of application fields, such as extraction or catalysis,

among others.

Second, MOF-derived titanium oxide (TiO,-NTU-9) has been obtained by calcination of
NTU-9 MOF in air. The developed TiO, exhibited a narrow bandgap of 2.8 eV thanks to their
mixed anatase/rutile phase structure and carbon doping. TiO,-NTU-9 has been used as

photocatalyst for the degradation of methylene blue dye under visible light, obtaining, in the
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optimal experimental conditions, 100% of degradation after 2 h. In addition, the photocatalytic
degradation efficiency of the prepared TiO, has been improved using hydrogen peroxide as
oxidation agent, reaching, after 1 h, a percentage of degradation of 93%. A mechanically stable
TiO,-NTU-9 coated stirrer has been prepared by a simple and fast deposition method. The
prepared hybrid stirrer has demonstrated high performance for MB removal (93% after 3 h of

degradation), and easy recyclability, making it a promising material for water treatment.

Lastly, sulfonic-functionalized MIL-100-Fe (MIL-100-Fe-AMSA) with a surface area and
pore volume of 845 m2g?! and 0.50 cm3g?, respectively, has been prepared by grafting
aminomethane sulfonic acid to coordinatively unsaturated iron sites of MIL-100-Fe. MIL-100-Fe-
AMSA has been effectively used as adsorbent of diclofenac, obtaining maximum extraction
capacity of 476 mg-g?, which is higher than that of the MIL-100-Fe, confirming the role of the
sulfonic groups on the extraction process. In addition, the functionalized MOF has shown fast
adsorption kinetics (>80% of extraction after only 4 min), high water stability and easy
recyclability. The obtained MIL-100-Fe-AMSA was used for the preparation of a functional device
(MIL-100-Fe-AMSA/3D column), which has exhibited high efficiency for the simultaneous
extraction and preconcentration of DCF and ketoprofen under dynamic conditions, making it a

promising device for the analysis of low levels of emerging pollutants from water.

To sum up, various advanced devices based on metal-organic frameworks and derived
materials have been developed and applied to the extraction and degradation of various
pollutants of environmental interest. The obtained results show that all the devices have great

potential to monitor and treat polluted water.
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