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Abstract 

 

As the number and type of chemicals, drugs and materials increases due to the 

techno-economic advance of the modern XXI society, they enter increasingly in 

contact with water sources, and hence, with the full trophic chain. Consequently, the 

water quality is affected both by traditional pollutants, like toxic metals and inorganic 

compounds, and by emerging ones, like pharmaceuticals and endocrine disruptors. 

Among this wide variety, heavy metal ions and phenolic compounds are two of the 

most dangerous pollutants, since they combine a high chemical stability with a high 

impact in the ecosystems. 

Today, several water remediation strategies are applied to detoxify the waters from 

heavy metals and persistent pollutants, but they still show important drawbacks such 

as being chemically, energetically and operationally intensive. Moreover, they rely on 

large installations that require a considerable infusion of capital, engineering expertise 

and infrastructure. Because of this, there is an urgent need of developing cost-effective 

technologies for water remediation. Among the different water remediation strategies 

that are being studied nowadays, adsorption and photocatalysis have attracted 

considerable attention due to their simplicity, cost-efficiency, easy portability and the 

needless of addition of harmful secondary products. 

In this regard, Metal-Organic Frameworks (MOFs) show an outstanding chemical 

versatility that enables merging adsorption and photocatalysis functions in the same 

material thanks to their intrinsic porosity and semiconductivity. These 

physicochemical features arise from the ordered arrangement of their fundamental 

building units; metal ions or clusters connected by organic linkers, into extended and 

highly porous robust networks. In addition to the plenty of design opportunities 

coming from the reticular chemistry to engineer MOFs with varied characteristics, 

these materials can be pre or post-synthetically encoded to further expand their 

functionality and efficiency towards an specific application. 

Among the myriad of reticular materials that have been reported up to date, MIII 

and MIV based MOFs have been widely studied for water remediation because of the 
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chemical robustness coming from the strong bridges formed by the acid metals and 

the carboxylate type linker. However, most of these MOFs show small selectivity to 

adsorb most of the cationic metals. Thus, different functionalization strategies must 

be performed in them to improve their affinity and achieve more specific heavy metal 

adsorption. 

This thesis is focused on the exploration of the synthesis and functionalization 

pathways of archetypal Zr-based (UiO-66 and MOF-808) and Ti-based (MIL-125) 

MOFs, in order to improve their adsorption and photocatalytic functionalities to 

capture, degrade and/or separate metals and phenolic pollutants. Moreover, the 

inclusion of MOFs in two different polymeric matrixes (poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP) and chitin) has been studied in order to engineer 

composite membrane technologies easy to recover after the metal adsorption. 

Chapter 1 of this thesis gives a general introduction to Metal-Organic Frameworks, 

as well as to the requirements they should have for their use in water remediation. 

Moreover, the strategies that can be applied to enhance their adsorption and 

photocatalytic functions are presented. In parallel, a brief state of art of 

polymer@MOF composites that have been employed for water remediation purposes 

is developed, specially focusing in the polymeric materials investigated in this work.  

In Chapter 2, the chemicals and general experimental procedures that have been 

systematically applied in the thesis are described. In parallel, a brief introduction to 

the fundamental basis, the experimental conditions and the equipment employed 

during the work has been developed. 

Chapter 3 focuses on the synthesis and chemical encoding of MOFs photocatalysts 

and sorbents for the CrVI remediation. CrVI is a highly concerning pollutant but also 

an economically appealing ion. Therefore, its recovery coupled to its photoreduction 

to the less toxic and mobile CrIII is of high economic interest. The chapter is divided 

in two sections. In the first section the combined photoreduction and adsorption 

capacity of Ti-based MIL-125 and Zr-based UiO-66 towards CrVI has been explored, 

identifying the parameters (i.e. defect chemistry, particle size…) that play a key role 

to tune their adsorptive and photocatalytic functions. In this regard, the decrease of 

the particle size of MIL-125 has shown to be highly beneficial to increase the 
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photoreduction capacity. On the other hand, the incorporation of –NH2 groups into the 

UiO-66 framework has shown to endow the material with higher photoreduction 

capacity in both UV and visible light. The defect chemistry has shown to be 

detrimental for CrVI photoreduction, as the semiconductor nature of the framework is 

decreased due to a decrease of the linkers. However, it is beneficial for the adsorption 

of CrVI, since it is an anionic specie that can link to the defective points of the cluster. 

In the second section of the chapter, the potentials of multivariate (MTV) 

functionalization of UiO-66 with –NH2, –(OH)2 and –NO2 functions has been 

explored. The integral functionalization of UiO-66 has led to a synergistic 

enhancement of the band gap, photoconduction and photocatalytic efficiency of the 

multivariate frameworks, which exceed properties of the single functionalized 

materials. The trifunctional UiO-66-NH2-(OH)2-NO2 has exhibited outstanding CrVI 

to CrIII photoreduction and a great capacity to retain the phototransformed CrIII ions, 

with only negligible amounts of the highly reactive and hazardous CrV intermediate 

specie after operation. 

Chapter 4 explores the post-synthetic modification of MOF-808 with amino acids 

and natural acids as a tool to tune its adsorption affinity and selectivity towards metal 

ions. In parallel, the immobilization of metal ions into pore environments decorated 

with biological functionalities as amino acids has opened the perspective to engineer 

biomimetic catalytic systems. The chapter is divided in two sections. The first one is 

focused in the functionalization process of the MOF-808, creating a metal-chelator 

like trap. More concretely, the impact of the chemical modifications to modulate its 

adsorption affinity in static and dynamic conditions over various metal ions of 

different acidities has been studied. The immobilization of these molecules have 

drastically changed the affinity that the material shows towards metal ions, showing 

higher affinities for soft or hard metal acids depending on the inserted functionality. 

Once the capacity of the functionalized materials to adsorb heavy metals was tested, 

a chromatographic column working in continuous flux was successfully designed to 

separate metal ions of a multielement solution. The second section of the chapter 

studies the immobilization of copper ions within the MOF-808@(amino) acid 

systems. The coordination of copper via single or cooperative metal-binding modes 

gives rise to the stabilization of isolated, clustered and even partially reduced metal-
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species. Moreover, copper doped MOF-808@(amino) acids have shown to have a 

catalytic activity similar to some metalloenzymes for the phenolic compounds wet 

oxidation. The catalytic activity and selectivity of the system has shown to depend on 

the amino acid and acid residues coordinating the copper metal sites, as well as on the 

clustering degree of the copper catalytic centers. Inelastic neutron scattering has 

helped to elucidate the amino acid anchoring process and the metal immobilization 

into the framework. 

Even if the studied MOFs have shown to be highly efficient sorbents to recover metal 

ions from wastewater, there are still some drawbacks that hinders the MOF’s 

applicability as heavy metal remediation systems. The first one is related to their 

powder nature, which makes their recovery from water time and energy consuming. 

Second, MOFs exhibit limited processability to shape them as millimeter to 

micrometer size objects like filters or membranes. 

Because of this, Chapter 5 focuses in the development of polymer@MOF 

composites. This chapter explores in its first section how the introduction of three 

different MOFs (MIL-125, UiO-66-NH2, and MOF-808) alters the structure of the 

PVDF-HFP@MOF membranes obtained by phase inversion techniques (thermally 

induced phase separation (TIPS) and non-solvent induced phase separation (NIPS)). 

The micro to nanostructure of the composites has been studied through a combination 

of different techniques, including small angle neutron scattering, unravelling specific 

features of this complex systems not reported before. As a small drawback, the 

combination of the experimental techniques applied in this study does not allow to 

quantify to which extent the MOF particles included within the system are active for 

adsorption. To this end, comparative CrVI adsorption experiments have allowed 

estimating the accessibility degree of the MOF particles in the composites, comparting 

the adsorption capacities of the MOF in the membrane with the capacity of the 

powdered MOF in a solution. This experiments pointed out that the accessibility of 

the MOFs installed into TIPS membranes is higher than the one observed for NIPS 

homologues. In order to improve the capacity of the more eco-friendly and with 

quicker preparation time NIPS membranes, the in-situ functionalization of the 

composites with cysteine has been successfully performed. This strategy has been 
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fully effective to modulate the adsorption affinity of the system towards cationic soft 

species such as HgII. In the second section of the Chapter 5, the chemical, structural 

and functional characteristics of Chitin@MOF-808 composites to function as wide 

range adsorbents have been researched. Thanks to their micro, meso and macroporous 

structure, the Chitin@MOF-808 composites have shown to be able to work efficiently 

for the adsorption of a large variety of pollutants ranging from small ions and 

molecules to large proteins or nanoparticles. Furthermore, Chitin@MOF-808 

composites have shown to exhibit the chemical affinity of their separate components, 

but in some cases, the material benefits from the synergistic interactions of its 

components, outperforming both MOF-808 and chitin efficiencies. 

Finally, Chapter 6 summarizes the main conclusions derived from this 

investigation, as well as the future trends in which it would be interesting to focus in 

forthcoming investigations. In general, the potentials for water remediation of 

chemically robust MOFs and their composites has been assessed. Moreover, the pros 

and cons of the functionalization strategies that can be applied to water stable MOFs 

for the capture, separation and degradation of specific pollutants such as heavy metals 

and phenolic compounds has been determined. 

 

 

 

 

 

 



 

 
vi 
 

 

 

 

 

 

 

 

 

 

 

 



List of abbreviations 

 
vii 

 

 

List of abbreviations 

 

Asp L-asparagine 

BET Brunauer-Emmet-Teller 

BDC 1,4-Benzenedicarboxylic acid, Terephthalic acid 

BDC-NH2 Aminoterephthalic acid 

BDC-(OH)2 2,5-Dihydroxyterephthalic acid 

BDC-NO2 Nitroterephthalic acid 

BTC 1,3,5-Benzenetricarboxylic acid, Trimesic acid 

Cit Citric acid 

CH Chitin 

Cys L-cysteine 

DMF Dimethylformamide 

DSC Differential Scanning Calorimetry 

EDX Energy Dispersive X-rays 

EPR Electron Paramagnetic Resonance 

Fum Fumaric acid 

His L-histidine 

1H-NMR Proton Nuclear Magnetic Resonance 

HPLC High Performance Liquid Chromatography 

ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy 

ICP-MS Inductively Coupled Plasma Mass Spectometer 

INS Inelastic Neutron Scattering 

IR Infrared 

Mal Malic acid 

MMF Mixed Matrix Filtering 



List of abbreviations 
 

 
viii 
 

 

MMM Mixed Matrix Membrane 

MOF Metal-Organic Framework 

Msc Mercaptosuccinic acid 

MTV-MOF Multivariate Metal-Organic Framework 

NIPS Non-solvent Induced Phase Separation 

PVDF Poly(vinylidene fluoride) 

PVDF-HFP Poly(vinylidene fluoride-co-hexafluoropropylene) 

REE Rare Earth Element 

ROS Reactive Oxygen Specie 

SALE Solvent Assisted Ligand Exchange 

SALI Solvent Assisted Ligand Incorporation 

SANS Small Angle Neutron Scattering 

SAXS Small Angle X-ray Scattering 

SEM Scanning Electron Microscopy 

SBU Secondary Building Unit 

Suc Succinic acid 

TDX Temperature-Dependent X-ray diffraction 

TEM Transmission Electron Microscopy 

TGA Thermogravimetric Analysis 

TIPS Thermally Induced Phase Separation 

UV-VIS Ultraviolet-Visible 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Diffraction 

XRF X-ray Fluorescence 

WHO World Health Organization 
 



C
h

a
p

te
r

1



 



Introduction 

 
3 

 

 

Chapter 1 
Introduction 

 

1.1. WATER QUALITY 

The incredibly fast development of technology during the XX and XXI centuries 

is directly related to the pollution of the environment, including the water sources.[1] 

Jointly, industrial revolution, fossil fuel accelerated consumption, mining activities, 

intensive agriculture, exponential increase of chemicals development, and even 

natural events as volcanic eruptions or the weathering of natural rock-beds have all 

contributed to an alarming increase of toxic pollutants in the ecosystems in general, 

and in drinking water sources in particular (Figure 1.1). If this scenario requires itself 

urgent solutions, it will become even more dramatic in the coming future, as the global 

warming will drastically reduce the abundance and quality of drinking, industrial and 

irrigation water sources.[2] Simultaneously, the demand for accessible water is raising 

caused by population growth in developing countries, a situation that adds even more 

pressure to the global water sources. 

Furthermore, as the number and type of chemicals, drugs and materials increases 

due to the techno-economic advance of the modern XXI society, they enter 

increasingly in contact with water sources, and hence, with the full trophic chain. 

Today, the water quality is affected both by traditional pollutants like heavy metals 

and inorganic compounds and/or by emerging pollutants like pharmaceuticals and 

endocrine disruptors. Both types of pollutants have a great impact of the ecosystems 

and human health, even when they are present at microgram per litre concentration. 

Needless to say that the cocktail effect of the combined action of different kind of 

chemicals can even worsen the impact of the water pollution. 

The effects of water pollution impact more acutely to developing countries, where 

water and sanitation services are still severely limited to the central cities. This 

situation leads to the lack of safe drinking water for more than a third of the population 

of the world. As a result, millions suffer from preventable illnesses and die every 
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year.[3] Even in developed countries, where water and sanitation services are nearly 

universal, the technologies are revealing inefficient to fully remove persistent organic 

chemicals, endocrine disruptors or even daily used drugs as ibuprofen. In it important 

to note, that anthropogenic and natural pollution does not only affects drinking water, 

but have an important impact on the water used for energy and food production and 

industrial manufacturing. All in all, the quality of our environment is steadily affecting 

the health and economies of both developing and industrialized nations.[4] 

 

 

Figure 1.1. Water pollution sources. 

 

From the chemical point of view, four are the major physical and chemical 

properties that make a pollutant of high risk and concern: 

 Chemical stability (being able to remain intact for long periods of time in the 

environment). 

 High transportability and distribution (being prone to long-range transport and 

distribution in the environment). 

 High bioaccumulation potential in the fatty tissue of living organisms (often 

found at higher concentration levels in the food chain). 

 Potential toxicity to both humans and wildlife. However, some pollutants that 

are chemically labile and with a short half-life time, can also be dangerous due 

to continuous chronic exposure to non-lethal levels. 
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Among the broad scope of chemicals that could drastically affect the water-quality, 

heavy metal ions and phenolic compounds combine a high chemical stability with a 

high impact in the ecosystems’ health, even when present at very low-doses. 

 

1.1.1. TOXIC METAL IONS 

Most of the heavy metals introduced into the environment are found at low 

concentration, usually between milligram and microgram per litre. Nevertheless, toxic 

heavy metal cations and oxyanions remain to be a significant threat to environmental 

and public health due to their capacity to be bioaccumulated during long-term 

exposures[5]. This situation does not only dangers the ecosystems in general, but 

threaten human health in particular, since heavy metals are increasingly concentrated 

along the entire food chain.[6] Compared with organic pollutants, heavy metals, such 

as Pb2+, Cd2+, Hg2+, Cr2O7
2- and AsO4

2-, are not degradable into eco-friendly 

substances,[7] and their bioaccumulation induces notorious toxicity, teratogenicity and 

carcinogenicity in living organisms.[8] 

These contaminants are released to the water mainly through human activities such 

as steel factories and paper and pulp mills (CrVI), refineries (HgII), wood industries 

(CuII), or the corrosion of pipes (PbII).[9] This scenario becomes even more concerning 

when metal-ion are accidentally released from nuclear power plants, giving rise to a 

long-term radioactive contamination of natural waters by highly persistent 

radioisotopes. Even the decontamination of toxic and radioactive metal ions of the 

waters employed to refrigerate radioactive fuels remains to be a serious challenge for 

public health and environmental protection.[10] Nonetheless, the natural pollution of 

water sources may as well occur via the natural weathering of bedrocks with heavy-

metals rich compositions. This is the case of high arsenic concentrations found many 

rivers of Chile,[11] United States,[12] India[13] or Indonesia,[14] just to mention some of 

the many examples that can be found in literature. 

In this regard, the selective adsorption of metal ions from aqueous solutions has 

become a pivotal process for environmental remediation,[15] but it is as well a 

technology of paramount importance for metal recovery and separation purposes.[16,17] 

It is increasingly clear that the recovery and purification of metal ions from polluted 
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water sources are gaining importance within the concept of a closed-loop circular 

economy.[18] That is, anthropogenic heavy metals water pollution is usually 

accompanied of high-concentration levels of techno-economic critical elements. In 

this sense, adsorption technologies could play an interesting role to face the selective 

recovery of specific metal ions from complex matrixes. Just to mention few examples, 

the recovery and separation of critical raw materials from acid waters derived from 

mining activities,[19] rare-earth elements (REEs) uptake from water streams arising 

from phosphor-gypsum deposits,[20] or the precious metals recovery from radioactive 

wastewaters,[21–24] are some of the relevant application-areas where intensive research 

is in place to develop a greener and more efficient capture and separation technologies. 

 

1.1.2. PHENOLS AND PHENOLIC COMPOUNDS 

Contrary to heavy metals, organic pollutants can be degraded and mineralized to 

non-hazardous components. However, their diversity, high environmental-impact at 

very low doses, and in some cases, their bio-persistence, make organic-contaminants 

a priority concern when facing the water decontamination.[25–27]  

Phenol and phenolic compounds are one of the families of highly persistent 

organics that have important industrial implications, but in parallel, they generate 

huge environmental issues.[28,29] They are used as chemicals for wood preservation, 

agriculture, and drug synthesis, among others.[30] As a consequence, phenolic 

compounds are usually found in the wastewater of various industries, such as 

refineries, coal processing or petrochemical plants. What is more, they can also be 

found in pharmaceuticals, plastics, wood products, and paint and paper industries.[31] 

Their dangerousness is related to the high solubility they show, combined with their 

rapid absorption through contact with the skin and eyes, inhalation and ingestion.[31] 

In addition, they are resistant to biodegradation and persist in the environment for long 

periods,[32,33] and thus, may interfere with the ecosystem equilibrium and affect 

biogeochemical pathways of organic matter and nutrient recycling.[34] 

Besides their capture through adsorption, an intense research has been devoted to 

find an efficient, economical, and environmentally friendly chemical degradation 

process for these persistent organic chemicals.[35,36] Among the multiple alternatives 
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explored up to date, catalytic wet oxidation or biocatalytic oxidation paths are between 

the technical alternatives that have attracted considerable attention due to their 

simplicity and environmental friendliness.[37] 

 

1.2. WATER REMEDIATION 

Considering the current and future pressures on water supply, the development of 

low-cost and high-efficiency means of water purification for a variety of pollution-

sources will be key to restore the quality of our natural resources. 

Conventional and advanced waste water treatment plants can address the water 

disinfection and decontamination on most of the inorganic and organic pollutants with 

high efficiency. However, these treatments are often chemically, energetically and 

operationally intensive, and they rely on large installations. In addition, waste water 

treatment plants require a considerable infusion of capital, engineering expertise and 

infrastructure, all of which precludes their use in developing or isolated areas around 

the world.[4] Although their high rate of water detoxification, some inorganic and 

organic persistent pollutants scape to conventional water treatment protocols. This is 

the case of phenols or phenolic endocrine disruptor molecules as paracetamol. 

Therefore, developing cost-effective technologies for the remediation of water 

pollution is urgently needed. In this regard, adsorption and photocatalysis have 

attracted considerable attention due to their simplicity, low cost, easy portability and 

the needless of addition of harmful secondary products.[38–41] 

Adsorption can be classified into physical adsorption (physisorption) and chemical 

adsorption (chemisorption). Physisorption is governed by intramolecular Van der 

Waals or electrostatic forces. In this process, a multilayer is formed on the adsorbent 

surface. As a consequence of the weakness of the sorbent-adsorbate interaction, 

physisorption is an easily reversible process. On the other hand, chemisorption is 

defined as the adhering and mass transfer to the surface of the adsorbent, by the 

formation of covalent bonds, involving a monolayer. As a result, the bonding energy 

is higher, and the process requires significant energy input to reverse it. 
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Independently on the adsorption mechanisms, four are the main characteristics that 

shape the adsorption capacity, kinetics and affinity of a porous material: (i) the pore 

structure, (ii) the surface area, (iii) the nature of the functional groups installed at the 

pore space, and finally, (iv) the density of adsorption sites. Today, the potential of 

classic ordered sorbents as zeolites as cation and anion exchanger are duly proved. 

[42,43] Nevertheless, the narrow pore-structure and limited surface area of classic 

sorbents limit the diffusion rates of the pollutants within their crystal structure. In 

addition, zeolites have limited access to capture organic pollutants due to their small 

pore-window apertures. Amorphous or highly disordered sorbents as clays[44] or 

activated carbons[45] have great potential for water remediation because they combine 

low costs, rich surface chemistry with large surface areas. Nevertheless, they suffer 

from low adsorption capacity[46] and selectivity due to their limited chemical 

tailorability. This handicap is especially limiting when trying to remove inorganic 

oxyanions or specific persistent organics. All in all, the development of advanced 

porous materials is highly desirable to achieve a combination of an effective, efficient 

and selective adsorption. Here is where the reticular chemistry, and specially the 

robust Metal-Organic Frameworks (MOFs) employed in this work could make the 

difference in comparison to classic sorbents, as it will be explained in the following 

sections. 

Complementary to adsorption, photocatalysis has been deeply investigated during 

the last decades for water detoxification. Driven by solar light, it could induce the full 

mineralization of organics, the fixation of inorganic pollutants, or the change in the 

oxidation state of heavy metals in order to decrease their toxicity and carcinogenicity 

(e.g. CrVI to CrIII photoreduction). This process refers to a light-driven photoreaction 

accelerated by the presence of photocatalysts, which can absorb light in appropriate 

range of wavelengths depending on its bands structure. Photocatalysis has been 

recognized for its low cost, low energy consumption, easy installation, and the 

possibility of working at room temperature. The ultimate photocatalyst function is the 

generation of reactive oxygen species (ROSs) able to degrade efficiently some kind 

of organics, as well as, to work as disinfection agents to kill microorganisms, or reduce 

toxic inorganic species to less hazardous ones. 
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Photocatalysis is based on the initial excitation of electrons (e-) from the valence 

band to the conduction band, leaving a positive charge (h+) in the valence band. This 

process happens when a semiconductor is irradiated with a light source of an energy 

at least equal to its optical band gap (Figure 1.2a). The photogenerated charge carriers 

diffuse through the solid crystalline structure to the inner or external surface (Figure 

1.2b). Finally, the electron – hole pairs actively participate in varied redox reactions 

for the formation of ROSs, which are the responsible of the oxidative and reductive 

degradation of the pollutants (Figure 1.2c). Thus, considering all the photocatalysis 

processes in perspective, the main descriptors of the efficiency of a photocatalyst are 

(i) its capacity to harvest light (optical band-gap) (Figure 1.2a), (ii) the efficiency to 

generate excitons during illumination, separate their electron and holes components 

and transport them through the crystal lattice preventing their recombination 

(photoconduction) (Figure 1.2b), and (iii) the easy generation of radicals at the 

photocatalysts-water interphase, which in the end, are the ones that drive the oxidative 

and reductive degradation of pollutants (Figure 1.2c). 

In parallel, the oxidative or reductive power of the hydroxyl (•OH), superoxide 

anion (O2•–), hydrogen peroxide (H2O2), singlet oxygen (1O2) or electron radicals 

generated at the photocatalysts-aqueous interphase, are as well responsible of the 

degradation or transformation of inorganic and organic chemicals.[47] For instance, in 

photocatalytic reactions for environmental remediation, numerous oxidizable 

compounds such as common organic pollutants or trivalent arsenic species are 

known.[48–51] In contrast, the reducible compounds are limited to alkyl halides, halogen 

oxoacids or the case of hexavalent chromium explored in this thesis.[52–56]  

Considering the current state of the art of photocatalysts, up to date, the most 

efficient class of materials are metal oxide semiconductors,[57,58] chalcogenides[59,60] 

and carbon nitrides.[61] In perspective, current challenges of photocatalysts for water 

remediation purposes are (i) widening the bandgap to make them functional under 

visible light illumination, (ii) circumventing the carrier recombination while boosting 

their separation, and (iii) increase their mobility through the photocatalyst’s 

crystalline framework.[62,63] Consequently, the intrinsic non-porous nature of 

inorganic photocatalysts has strongly limited their ability to efficiently capture both 
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the substrates and their oxidized or reduced products of the photocatalytic reaction. 

This bottleneck is especially important by applying a photocatalyst for the CrVI 

detoxification of water. For instance, when working at acidic conditions, it is well-

known that conventional photocatalysts lack the capacity to capture through 

adsorption the photo transformed CrIII species that remain soluble in the water media. 

 

 

Figure 1.2. Scheme of photocatalytic process on semiconductors. (a) Illustration of the 

optical Band Gap (EBg) of a semiconductor and the separation of electrons and holes during 

illumination. (b) Transport and recombination of electron and hole pairs in photocatalysts. 

(c) Oxygen reactive species generated due to the oxidation, reduction, deprotonation and 

dimerization reactions at the surface of the photocatalysts. Adapted with permissions from 

Nosaka et al.[47] 

 

Here, Metal-Organic Frameworks can make the difference, since in addition to 

their semiconductor nature and porous structure, they have plenty of opportunities to 

improve these functions via the chemical encoding of their frameworks. This is 

especially beneficial for heavy metal photoreduction, as they are able to meet both 

adsorption and reduction capacity in the same material. 
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1.3. METAL-ORGANIC FRAMEWORKS 

Metal-Organic Frameworks (MOFs) are crystalline solids built from metal ions or 

clusters connected by organic linkers into extended, ordered, and highly porous 

networks (Figure 1.3).[64–72] Since the beginning of the reticular chemistry up to date, 

MOFs have been assembled from a variety of metal ions including almost all the 

transition metals, alkaline and alkaline-earths, lanthanides, and even actinide 

elements. In parallel, the chemistry of the organic linkers has been expanded from the 

initial carboxylic and imidazole, to sulfonates, phosphonate or tetrazole-linkers, 

among others, being the carboxyl ones the most used (Figure 1.4). 

 

 

Figure 1.3. Schematic representation of Metal-Organic Frameworks (MOFs).  

 

The coordination of the metal-ions and organic linkers under certain synthetic 

conditions has generated wide variety of broadly recognizable metal-organic porous 

structures. In fact, given the connectivity and geometries of the inorganic and organic 

building blocks, the topology guided design of the reticular materials has been broadly 

developed during the last two decades. As a given example, the widely employed 2,4-

benzenedicarboxylic acid linker can led to different MOF topologies if the 

connectivity and geometry of the metal cluster is varied (Figure 1.5). The opposite 

strategy is as well possible, by fixing the inorganic building block and varying the 

connectivity of the organic linker, a myriad of MOFs with varied topologies can be 

accessed. 
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Figure 1.4. Representative examples of organic ligands used in MOF synthesis. 

Reproduced with permission from Rocío-Bautista et al.[73] 

 

 

Figure 1.5. The node-and-connector approach to prepare MOFs. The adequate selection of 

the organic linker (linear in the case of terephthalic acid) and connection geometry of the 

metal cluster lead to the desired topology. Each framework topology has its characteristic 

pore size and available surface. Reproduced with permission from Rocío-Bautista et al.[73] 
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The methodology to synthetize MOFs usually involves the mixture of the metal 

salt and an organic linker in a solvent, which can be chosen because of its reactivity, 

solubility, redox potential, etc. Solid-based synthesis have also been studied in the last 

years because they are able to guide quicker and easier reactions. In contrast, they 

usually face difficulties obtaining single crystals, and thus, determining the product 

structure.[74] 

Among the different liquid-phase synthesis methods (Figure 1.6), solvothermal 

synthesis stands out as the most used one. In this methodology, reactions are carried 

out in closed vessels under autogenous pressure.[74] The most common solvents used 

in this synthesis method are organic linkers with high-boiling points, such as dimethyl 

formamide, diethyl formamide, acetonitrile, etc. 

Once a new MOF with a specific topology or connectivity is developed; the 

expanded or chemically functionalized versions of the same topology network can be 

easily obtained following the same guides. In addition, MOFs offer uncountable 

opportunities even to functionalize their frameworks post-synthetically, once the 

materials have been already assembled. 

 

 

Figure 1.6. Synthesis conditions commonly used for MOF preparation. Adapted with 

permission from Dey et al.[74] 
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Overall, and independently on the type of MOF, they share an emerging research 

interest resulting from the simultaneous occurrence of key characteristics such as:  

 Crystallinity (i.e. ordered assembly). 

 Their tuneable porosity. 

 High surface area (MOF materials have so far, the highest surface area of all 

porous materials). 

 The existence of strong metal-ligand interactions. 

 The structural diversity and versatility that allows to precisely design materials 

for a particular application. 

As a consequence, since their discovery by Omar Yaghi at the University of 

Michigan in 1995,[75] and immediate further development by the research teams of 

Gerard Férey[76] and Susumo Kitagawa,[77] MOFs have become a rapidly evolving 

research field welcomed by many researchers worldwide. In fact, the number of 

publications regarding the term “Metal-Organic Frameworks” has grown 

exponentially to reach more than 14000 publications in 2021. This statement is 

especially true for MOFs based on carboxylate linkers. Since their discovery, 

carboxylate-based MOFs have been the flagship of reticular chemistry, opening the 

room to novel designs, disruptive properties and advanced applications, including the 

water remediation ones studied in this work. Indeed, archetypal MOFs have shown 

outstanding performance over metal ion recovery from different aqueous media just 

because of their intrinsic interconnected porosity and high surface area.[78–81] 

In addition, once the main modification paths of MOFs to tune their host-guest 

chemistry to capture target gases and organic vapours more effectively were 

established; it was a natural step for the scientific community working on MOFs to 

apply this knowledge to the adsorption of metal-ions from water. As the MOF 

chemistry was steadily understood in more detail, the mechanisms governing the 

hydrolytic instability of these type of materials started to be discovered. That is, the 

outstanding performance of some of the studied divalent and trivalent metal-based 

MOFs does not prevent their mid to long term degradation upon exposure to 

water.[82,83] 
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Later on, once the chemical robustness of some trivalent and tetravalent metal-

based MOFs was proved, the chemical lability and plasticity to modify their inorganic 

and organic components enabled to include increasingly complex metal trap-chelating 

motifs inside their pore structure. In addition to water remediation, MOFs have been 

applied successfully in more stringent and complex media, in terms of acidity, ionic 

strength, multicomponent metal ions mixture, or even radioactivity. Depending on the 

application scenario, MOFs have shown their feasibility to recover and separate metal 

ions of different natures and charges from acid waters,[84] multi-element metal 

leachates, seawater[85] or radioactive aqueous waste[21,23,86], just to mention the most 

relevant application areas. In addition to high capacities and relatively fast kinetics, 

MOFs have demonstrated that their pore chemistry can be modified to: (i) enhance 

their adsorption specificity towards low concentrated ions in the presence of high 

concentrated competitor species, (ii) work in a repeatable manner; and (iii) with 

enough chemical stability, at least to be used in proof of concept studies without a 

dramatic loss of their performance over cycling. 

 

1.3.1. REQUIREMENTS OF MOF MATERIALS FOR METAL ION RECOVERY 

Applicability of MOFs for metal ion recovery/separation in different scenarios 

requires several characteristics that the adsorbent needs to accomplish, the most 

important being: 

 Long-term chemical stability during operation. 

 High adsorption capacity. 

 Fast kinetics. 

 High selectivity over target metals, even in the presence of competitor ions. 

 Easy reactivation and reusability. 

 

Chemical stability 

The water and chemical stability of MOFs mainly depends on the degree of 

hydrolysis of the metal-ligand bonds during the operation conditions.[87] Generally, 

when the metal-ligand binding energy is higher than the metal-water binding energy, 
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MOF’s structure can resist hydrolysis and are stable against water. [82,88,89] The 

strength of the metal-ligand bond is directly related to the acidity of the metal at the 

inorganic clusters, and the basicity of the chelating groups at the organic linkers. As 

a general rule, the higher the charge density (Z/r2) of the metal ions at the inorganic 

clusters (e.g. elements with small radii but high valences such as ZrIV, TiIV, CrIII or 

AlIII) the better the chemical resistance to water of the Metal-Organic Frameworks.[90] 

The chemistry of the organic linkers, their geometry and connection points to the 

inorganic building units also affect the chemical resistance of the MOFs. Therefore, 

organic bridges with higher anchoring points usually generate MOFs with a wider 

chemical applicability window.[91] In addition, the same inorganic and organic 

building blocks can be arranged in different manners when MOFs crystallize as varied 

polymorphic forms. Overall, the combination of all these features condition the 

chemical resistance of the material, which need to be deeply studied to determine the 

applicability range of the material. 

What is more, MOFs formed from strong and rigid moieties, such as  

benzene-bearing linkers, exhibit higher chemical resistance than aliphatic chain-based 

ones. The decorative motifs of the linkers also influence the MOFs’ stability, even if 

the connectivity and topology of the MOFs’ net are the same. One of the most 

clarifying examples in that regard is the varied chemical resistance shown by the 

derivatives of the UiO-66 framework obtained with -NH2, -NO2, -(OH)2, -(SH)2 

functions. Furthermore, the length of the linkers also affects the stability of the MOFs. 

This is the case of some of the compounds of the UiO family. UiO-66 (Figure 1.7a), 

formed by a Zr6 oxocluster linked through benzenedicarboxylic acid (BDC) linkers, 

shows outstanding stability in water media, even in acidic conditions.[92] However, its 

upper analogues, UiO-67 and UiO-68 (Figure 1.7b and c), have shown to be unstable 

in the same conditions.[93] 
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Figure 1.7. Schematic representation of (a) UiO-66, (b) UiO-67 and (c) UiO-68 structures. 

Reproduced with permission from Yuan et al.[94] 

 

Adsorption capacity 

The maximum adsorption capacity, metal ions mobility from the solution to the 

solid, and metal ion affinity degree of the MOFs towards inorganic or organic 

pollutants can be determined from the fitting of adsorption isotherms to different 

models. Usually, adsorption isotherms are obtained from batch experiments where a 

known amount of MOF material is immersed in model single-element solutions of 

increasing concentrations. 

From the fundamental point of view, the adsorption isotherms allow quantifying 

the thermodynamics of the adsorbate and adsorbent interactions, the maximum 

adsorption capacity of the material, and its affinity to capture the studied ions from 

the solution. Among the numerous adsorption isotherm models applied to simulate 

the experimental data, usually Langmuir and Freundlich fit well the metal adsorption 

isotherms obtained from MOFs, suggesting that the metal ion uptake is well described 

by a monolayer adsorption mechanism.[95,96]  

Therefore, the adsorption capacity of MOFs is not directly ascribed to their surface 

area, but to the density of adsorption points at the surface of the pores within their 

internal structure. This is a key criterion when selecting or modifying the MOF 

chemistry for a specific application. As stated before, it is worth keeping in mind that 
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the importance of maximum adsorption capacity and adsorbent-metal ion affinity is 

relative, and depends on the target application. 

 

Fast kinetics 

When talking about metal ion adsorption for water remediation, adsorption kinetics 

is one of the most important parameters to evaluate. Kinetic analyses give information 

about the time required to complete the adsorption process, and are simulated based 

on different models (e.g., pseudo first order, pseudo-second order, intraparticle 

diffusion, Lagergrenn, Zeldowitsh and Elovich Kinetic), which reveal the nature of 

the adsorbate migration within the pores or/and surface of the particles.[97] 

Surface area, pore window aperture, and the presence of preferential adsorption 

sites within the MOF structure are some of the characteristics that shape their metal 

ions’ adsorption kinetics profile. The higher the pore window aperture, the more 

favourable the metal ion migration paths through the pores to the preferential 

adsorption points, and hence, the faster the adsorption kinetics. In addition, the 

existence of preferential chemisorption/adsorption points within the MOF assures that 

the metal ion-adsorbent interaction is strong enough to prevent their posterior release 

to the media. 

It is worthy to mention that the adsorption kinetic parameters, obtained from the 

fitting of the experimental data, depend on many experimental parameters that need 

to be carefully selected considering the target application; such as the metal ion 

concentration, adsorbent dosage, stirring conditions or temperature, just to mention 

some of the most relevant ones. Indeed, one needs to be careful when comparing 

directly the kinetic parameters obtained from works applying different experimental 

conditions, since it could induce misleading conclusions. 
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High selectivity 

Depending on the specific application, the selectivity degree that the MOF 

adsorbent needs to accomplish is quite different. For instance, a decontamination 

process of polluted water only needs for an efficient removal of the target heavy metal 

from the matrix, being secondary if the competitor species with similar characteristics 

are also co-adsorbed during the process. Nevertheless, separation and purification of 

valuable metal ions from acid leachates (e.g., REE recovery from permanent magnets, 

electronic scratch, phosphorous lamps, batteries…), requires a higher degree of 

selectivity as possible for the target ions, even in the presence of similar species in 

terms of chemical and physical behaviour. 

Here the development of adsorption experiments in multielement matrixes is highly 

relevant to unravel if co-adsorption takes place during the metal-recover, and in order 

to evaluate the separation factor between metals when applying a specific MOF for 

their capture, separation and purification. 

 

Reusability 

After the saturation of the adsorbent, it is necessary to activate the material eluting 

the adsorbed metal without altering or destroying the MOF or the functionalization 

motifs included within it. This will depend both on the adsorbent chemical stability 

window as well as on the nature of metal ions. Usually acid solutions with varying 

concentrations or specific metal chelator solutions are applied to elute efficiently the 

adsorbates. 

Again, the evaluation of the chemical stability of the MOFs during and after each 

elution cycle is key to understand the efficiency decay, especially in these metal-

organic frameworks decorated with organic pedant motifs that could be detached 

during the sorbent re-activation process. 
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1.3.2. FUNCTIONALIZATION STRATEGIES TO IMPROVE METAL ADSORPTION 

The overall performance of MOFs to capture metal-ions, including their adsorption 

kinetics, adsorption capacity, adsorption thermodynamics, selectivity, stability, and 

recyclability, are controlled by the geometric features of their highly-ordered 

framework, its hydrophilicity, surface area, functionality, and their pore size, 

interconnection and distribution. In this regard, the tunability of MOFs opens the 

perspective to improve their specific characteristics that affect their adsorption 

performance via different strategies. These can be divided into five categories that are 

represented in Figure 1.8: 

 

 

Figure 1.8. Graphical representation of MOFs and strategies for boosting the adsorption 

performance of MOFs. 

 

Longer organic linkers 

The expansion of the pore-aperture and surface area of MOFs by the crystallization 

of a material with the same topology and connectivity but expanding the length of the 

organic linkers is a very powerful tool to facilitate the diffusion of metal ions through 

the MOF’s pore space.[98] As a given example, the porosity of UiO-66 can be enlarged 

using longer organic linkers (i.e. UiO-67 and UiO-68) (Figure 1.7). However, it is 
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important to balance the gains on the kinetics of adsorption with the possible loss of 

chemical stability when expanding the porosity of the MOFs. 

 

Defect engineering 

The controlled incorporation of structural defects in a MOF to modify its properties 

or, called defect engineering, is a relatively new research area within the reticular 

materials development that is rapidly gaining popularity.[99–103] The creation of defects 

into the MOF structure is directly related to the enlarging of their pore size and 

introduction of extra adsorption sites in the framework.[18] Defective chemistry of 

MOFs is closely related with (i) the synthesis conditions, (ii) the addition of 

monodentate modulators that can compete with the organic linkers that participate in 

the formation of the ordered framework, or (iii) a design of a network via multivariate 

chemistry able to introduce inorganic clusters and/or organic linkers vacancies into 

the structure. In general terms, defect engineering is about creating vacancies 

distributed in ordered or disordered fashions within the crystal structure of the MOF. 

For example, MOF-808 framework exhibits six linker-vacant ordered positions, 

usually occupied by monocarboxylate molecules. This does not preclude to induce 

additional disorder vacancies of the synthesis conditions are tuned properly. For 

example, among others, Basu et al.[104], created a different number of defects per 

formula unit in the Zr-based MOF-808 by increasing the concentration of formic acid, 

which acted as a modulator linked to the Zr6 cluster, but also as a displacer of trimesic 

acids in the structure (Figure 1.9). 

Expanding this approach, Cai et al.[105] developed hierarchically porous MOFs 

(HP-MOFs) by reacting metal precursors and insufficient amounts of linkers, in the 

presence of monocarboxylic acids with long alkyl chains as a modulator. The 

modulator plays a dual role: the carboxylic acid coordinates to the metal ion for the 

formation of metal–oxo clusters, while the alkyl chain creates structural defects and 

additional pore space (Figure 1.10a-c). These modulators can be then eliminated from 

the structure via an activation process. Depending on the length and concentration of 

the modulator, different pore diameters could be obtained (Figure 1.10d-f). 
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Figure 1.9. Illustration of the MOF-808 structure (a) with and (b) without linker defects. 

Reproduced with permission from Basu et al.[104] 

 

 

Figure 1.10. Schematic illustration of the synthesis of HP-MOFs with adjustable porosity 

using UiO-66 as an example. Reproduced with permission from Cai et al.[105] 



Introduction 

 
23 

 

 

As a drawback, the excess of defects in the structure can lead to a lower chemical 

and thermal stability of the material, making the structure collapse earlier than its ideal 

non-defective material,[103] so this approach must be applied carefully. 

 

Linker functionalization 

Under traditional synthetic conditions, functional groups can be introduced into 

MOFs’ structure by using an organic linker resembling that of the parent material, but 

with additional pendant functional groups.[106–108] Thanks to this, additional adsorption 

sites are provided in the structure. An illustrative example is the UiO-66-SH variant 

assembled by Yee et al.[108], which was applied for HgII removal from water media. 

The material resembles the UiO-66 structure, but decorated with –SH groups in the 

BDC linkers that improve by far the HgII adsorption kinetics and capacity of the parent 

material. It is important to note that the incorporation of organic linkers with some 

functional groups such as –SH into a known MOF may complicate the synthesis 

process, since they can participate in the coordination process of metal ions that leads 

to the formation of the MOF. In fact, there are several metal ions that strongly interact 

with –SH groups (e.g. ZnII or CuII), disrupting the crystallization of the desired MOF. 

To suppress the thiol-metal interaction, it is helpful to choose chemically hard metal 

ions that more selectively bind to the carboxyl groups, such as AlIII, CrIII, EuIII or ZrIV, 

or follow up post-synthetic cluster functionalization protocols to introduce these kinds 

of functional groups once the MOF is synthetized. 

 

Cluster functionalization 

Inorganic cluster decoration is a widely employed strategy to introduce different 

functional groups into the MOFs’ structure in an easy and low-cost way. However, it 

depends on the crystal structure of the MOF and the cluster themselves. This 

modification strategy is only possible when the presence of intentionally engineered 

defects or open positions within the inorganic building blocks are available. 

One of the most employed strategies is that called solvent-assisted ligand exchange 

(SALE),[109] which involves replacing structural linkers coordinated to the clusters 
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with alternative linkers.[110] On the other hand, solvent-assisted ligand incorporation 

(SALI) involves replacing labile, non-structural inorganic linkers with functional 

organic or inorganic functions.[110] 

These strategies have emerged as a very facile and versatile experimental protocols 

to anchor metal-chelating motifs into the clusters of Zr-based MOFs in order to tune 

their affinity towards specific metal ions or organic molecules. This is the widely 

explored example of MOF-808. This material is built up by the archetypal ZrIV 

hexanuclear clusters, which are connected through six trimesic acid molecules. In 

addition, the ZrIV hexanuclear clusters exhibit six labile formate linkers coordinated 

to their equatorial plane. SALI has allowed anchoring of different molecules into the 

cluster by replacing the formates. Just as a relevant example, Y. Peng et al.[38] have 

successfully installed the well-known ethylenediaminetetraacetic acid (EDTA) metal-

chelator into the MOF-808 structure endowing the material with impressive 

adsorption capacity towards a broad scope of metal-ions with varied acidities (Figure 

1.11) 

 

 

Figure 1.11. Schematic representation of the SALI in MOF-808. (a) The ordered HCOOH 

in MOF-808 can be substituted by EDTA to form (b) MOF-808 with ordered EDTA, which 

can be used as a (c) trap for metal ion capture. Reproduced with permission from Peng et 

al.[38] 
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Multivariate chemistry 

During the last years, it has been duly proved that the chemical variance introduced 

by the multivariate encoding of the organic linkers or inorganic units within the 

ordered MOFs structure, can lead to cooperative or coupled functionalities. 

Multivariate MOFs (MTV-MOFs) possess more than two functionalities randomly 

distributed within the framework that work together in a cooperative or coupled 

fashions, outperforming their homogenous and periodic counterparts.[111–114]  

MTV-MOFs must not be mixed up with multicomponent MOFs, where the 

multiple linkers are topologically different from one another in terms on length and 

connectivity, and thus, can be distinguished individually in a crystalline lattice.[66] 

Indeed, the fundamental criteria of MTV-MOFs are specific functionalities occupying 

a similar location in the framework and a changeable percentage of each 

functionality.[111] This way, the introduction of varied functional groups can be 

achieved without altering the underlying backbone of their structure, obtaining a 

“heterogeneity within the order”.[66] 

In 2010, Omar Yaghi’s group achieved to build a multivariate MOF-5 combining 

up to 5 different linkers in the same structure.[115] Thanks to this, they obtained up to 

a 400% better selectivity for carbon dioxide over carbon monoxide compared with its 

best same-link counterparts. In the field of heavy metal adsorption, Mon et al.[116] 

succeeded to synthetize a MTV-MOF that could adsorb both inorganic and organic 

contaminants thanks to the multivariate functions installed within the framework. 

These findings demonstrate that the properties of MTV-MOFs are not simple linear 

combinations of their constituents, supporting the notion that the sequence of 

functionalities within MTV-MOF may be very useful as code to enhance a specific 

property or to achieve a new property. 
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1.3.3. PHOTOREDUCTION PROPERTIES IN MOFs 

Some pollutants, such as hexavalent chromium, suffer a drastic decrease of their 

toxicity and carcinogenicity when their oxidation state changes. In the specific case 

of CrVI, it becomes less toxic and mobile when it is reduced to CrIII, and thus, less 

dangerous. 

One of the most appealing approaches to combine the concurrent 

phototransformation and adsorption of chromium species is the development of dual-

function sorbent/photocatalysts.[117] Among the porous materials that can fulfil this 

duality, metal-organic frameworks (MOFs) stand out by their intrinsic high porosity, 

semiconductor nature and their high degree of structural and functional 

tuneability.[71,118–121] This photoreduction capacity is due to the interfacial charge 

transfer properties that MOFs show, which awards them the character of a porous 

semiconductor under light irradiation.[121–123] More specifically, the photocatalytic 

functionalities of MOFs arise from their versatility at compositional, chemical and 

porous structural levels.[124–126] The versatility to decorate the chemical structure of 

the linkers with electron donor or withdrawing groups, or to design the linker itself as 

an antenna or chromophore to capture certain UV-Vis radiation, have been of 

paramount importance to tuning the light harvesting and carriers separation and 

transport in MOFs.[127–130] In the specific case of CrVI photoreduction, the chemical 

structure and functional groups installed into the organic linkers serve to modulate the 

adsorption affinity of MOFs over hexavalent and trivalent chromium species, but also 

to tune their light harvesting and photoconduction efficiency.[18,131] 

In this regard, multivariate reticular chemistry has emerged as a promising strategy 

to tailor and balance the light-harvesting, photoconduction capacity and oxygen 

radicals’ generation to achieve a fast and efficient chromium photoreduction. This 

variance of the different functional groups encoded within the ordered pore space of 

MOFs, opens the avenue to obtain synergistic effects. 

As a clarifying example, multivariate reticular chemistry offers interesting 

advantages to combining electron donor or withdrawing functions able to expand the 

band gap to the visible range, and enhance the photoconduction of the MOFs’ three-
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dimensional scaffolds.[132] Even if this strategy has been rarely studied for CrVI 

photoreduction, the initial results seed the light to a promising perspective to further 

implement the MOF potentials in this research area. 

Although less explored for chromium photoreduction, the defect chemistry of 

MOFs, as well as their porosity metrics, have a great impact on the CrVI adsorption 

capacity and kinetics. In addition, the local chemistry of linker defective positions at 

the clusters can endow the material with Lewis and/or Brønsted sites and those sites 

can be systematically varied in order to tune the catalytic activity.[63] 

Overall, the versatility of reticular materials offers multiple ways to tune the light 

harvesting, charge mobility and transfer. Further, the ability to generate reactive 

oxygen species as a photocatalyst, opening the possibility to couple them with the 

pore space that can be specifically designed to adsorb the substrates and the products 

of the photocatalytic processes. 

 

1.3.4. MOFs SELECTED FOR THIS THESIS 

As mentioned previously, hydrolytic stability and functionalization versatility are 

two of the cornerstones for the application of MOFs in water remediation. Therefore, 

the ones obtained from the combination of tetravalent ions as ZrIV and TiIV with 

carboxylic linkers such as 1,4-benzenedicarboxylic acid (BDC) or  

1,3,5-benzenetricarboxilic acid (trimesic acid, BTC) are certainly appealing to be 

explored as sorbents and photocatalysts for water remediation, both for their chemical 

stability and impressive porosity metrics. 

Among the wide variety of structures developed by Yaghi et al.[133–135] (named 

MOF-n (n=2, 3, 4, 5…)), the combination of zirconium ions with trimesate linkers in 

the proper reaction conditions has given rise to the crystallization of one of the most 

investigated mesoporous metal-organic materials: the MOF-808. This ordered 

sorbent, which was first reported in 2014,[83] features large cavities (diameter of 18.4 

Å) and high Brunauer-Emmet-Teller (BET) surface areas exceeding 2000 m2·g-1.[136] 

Similarly than other ZrIV MOFs, it has a secondary building unit (SBU) that consists 
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of a hexanuclear zirconium node ([Zr6(μ3-O)4(μ3-OH)4]12+) connected to six tridentate 

ligands (BTC) in an spn topology and a cubic Fd-3m symmetry (Figure 1.12).  

The high oxidation state of ZrIV in the inorganic SBU results in high charge density 

and bond polarization leading to a strong coordination bond between Zr and O atoms 

belonging to the BTC linkers, a feature that endows MOF-808 with remarkable 

stability in hydrothermal and acidic environments.[136] This MOF has a lower six node-

linker connectivity compared to most of the other hexanuclear zirconium node-based 

MOFs (e.g. 12-connected UiO-66[137] or 8-connected DUT-67,[138] just to mention a 

couple of relevant examples). The low connectivity of the framework leaves some 

BTC-uncoordinated positions within the Zirconium hexanuclear clusters (located in 

the equatorial plane of the cluster) to be occupied by six additional monodentate 

ligands (HCOO- and H2O/OH-) per SBU. These labile uncoordinated sites provide the 

structure with two important advantages: (i) they can be easily replaced by other 

functionalities and thus, act as anionic metal adsorption sites for molecules such as 

chromate or arsenate, and (ii) they make it possible to introduce different 

functionalities by SALI, as it was demonstrated by Aunan et al.[139] These authors 

introduced benzoate, formate or acetate functionalities in those positions by post-

synthetic modification in order to tune the chemical properties of MOF-808. Since the 

pioneer work of these authors, the encoding of MOF-808 via SALI has been extended 

to other carboxyl-based functionalities as amino acids, and even to more acidic 

sulfonates and phosphonates.[140] What is more, these open metal sites can be 

increased to more than six positions by introducing linker defects into the structure 

(Figure 1.9), as it was proved by Basu et al.[104] 

Other archetypal MOF group based on ZrIV ions belong to the called UiO-n 

(Universitetet i Oslo). One of the most remarkable materials of this MOF series is 

UiO-66. Due to its exceptional chemical and thermal stability, UiO-66 has become 

one of the most studied MOFs since its invention by Lillerud’s group in 2008.[141–143] 

This MOF is constructed from 12-connected hexanuclear zirconium oxoclusters 

([Zr6(μ3-O)4(μ3-OH)4]12+) and BDC linkers. It crystallizes as a face-centred-cubic 

structure of F m-3m symmetry with a lattice parameter of 20.7 Å. (Figure 1.12) The 

fcu topology generated from the connectivity between the inorganic and organic SBUs 
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gives rise to the generation of two types of pore-cages with tetrahedron and 

octahedron geometries of 7.5 Å, and 12 Å, respectively. 

Similarly than other ZrIV MOFs, UiO-66 can show linker and cluster defective sites 

that may reduce the average connectivity of the inorganic clusters down to 8. In 

contrast to MOF-808, these defective sites are randomly distributed along the ordered 

network, and act as preferential adsorption sites for negative species as chromate or 

arsenate oxyanions. What is more, functional groups can be easily introduced in its 

structure by selecting linkers with the same topology but including amino, nitro, 

hydroxy or thiol groups, among others (i.e. aminoterephtalate, nitroterephtalate or 

dihydroxyterephtalate linkers). These functionalities can serve as well as anchoring 

points for further functionalization of the framework through “click” chemistry.[144] 

Overall, the chemical encoding UiO-66 can endow the framework with different 

functions such as selective adsorption or improved photoreduction capacity. Just to 

mention an illustrating example, Shen et al.[145] tuned the CrVI to CrIII photoreduction 

efficiency of UiO-66 by encoding amino groups into its framework (i.e. UiO-66-NH2). 

Due to the typical yellow color of the amino-terephthalic acid, and of the UiO-66-NH2 

sample, the band-gap energy was shifted to the visible light region unlocking the 

capacity of the material to drive the hexavalent chromium photoreduction under 

sunlight illumination. 

Finally, within the MIL-n (Materials of Institute Lavoisier) materials developed by 

Férey et al.[146,147], the titanium terephthalate MIL-125 stands out as the titanium 

homologue of the UiO-66 framework (Figure 1.12).[148] Ti-MIL-125 and Ti-MIL-125-

NH2 homologues have attracted lots of attention due to their strong photocatalytic 

activity and redox capability. Ti-MIL-125 shares the same topology and connectivity 

of their inorganic and organic building units with UiO-66. Therefore, similar 

tetrahedral and octahedral cages and surface areas have been reported for this 

compound as well.[143,148] The main difference between the ZrIV and TiIV homologues 

lies in the characteristics of their inorganic nodes. MIL-125 is built up from a pseudo 

cubic arrangement of octameric wheels, built up from edge- or corner-sharing 

titanium octahedra, and terephthalate dianions leading to a three-dimensional periodic 

array of two types of hybrid cages with accessible pore diameters of 6.13 and  
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12.55 Å (Figure 1.12).[148] Overall, the connectivity of the Ti-oxo clusters  

(12-connected) and the organic linkers (2-connected) give rise to a fcu topology with 

a slightly distorted tetragonal I4/mmm symmetry in comparison to the cubic Fm-3m 

one of UiO-66. 

 

 

Figure 1.12. Schematic representation of (a) BDC, Zr hexanuclear cluster and BTC,  

(b) Cluster-linker connection in UiO-66 and MOF-808 and (c) Crystal structure of UiO-66 

and MOF-808. 
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1.4. POLYMER@MOF COMPOSITES 

Even given the structural, chemical and functional versatility of MOFs, their 

powdered nature is a handicap when exploring their potentials for water remediation. 

First, the recovery of a powder suspended in a water solution is time and energy 

consuming, and second, shaping and processing a powder to incorporate it in a final 

device is always a challenge. This is one of the main reasons that has boosted the 

research on the hybridization of MOF with magnetic nanoparticles, layered carbon-

based materials (e.g. graphene, carbon nanotubes…), metal-oxide semiconductors 

(e.g. TiO2), but specially, with polymeric materials. 

Polymers are easy to process as membranes, filters, or spheres with controlled 

macro to mesoporous structures. So, the incorporation of MOFs into these polymeric 

matrixes opens the room to the engineering of micro to mesoporous materials 

combining the intrinsic versatility of MOFs, with the easy processability of polymers. 

All in all, polymer@MOF composites offer a functional solution for an easy recovery 

and activation of the MOF, but also the possibility to modify the polymeric matrix to 

make it functional during the adsorption and photocatalysis process. Nevertheless, the 

combination of these two materials is not straightforward, since their structuration 

need to be done in order to achieve the minimum inactivation of the MOF, while 

maintaining the overall properties of the polymeric host. 

Therefore, immobilization in cost-effective polymeric membranes allows an easy 

application and recovery from liquid media for heterogeneous phase adsorption. The 

processing and operation technology of polymers as membranes or filters is fairly 

mature in the industry due to the advantages of high processability, economic 

feasibility, and low energy consumption these polymeric devices show.[149] However, 

the existing polymeric materials are far from being optimal: improvement in 

permeability is always at the expense of selectivity, and vice versa. 

The processing versatility of polymer@MOF composites makes possible to shape 

them as Mixed Matrix Membrane (MMMs),[150–153] formed from an intimate and 

homogeneous dispersion of filler particles in a polymeric matrix. The polymer and 

filler properties affect the morphology, adsorptive or separation performance of these 
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composite materials.[154] Similarly than for classic membrane technologies, MMM can 

be classified according to their size selectivity as microfiltration (100 nm – 10 µm), 

ultrafiltration (2- 100 nm), nanofiltration (1-2 nm) or reverse osmosis (0.1 – 1 nm) 

devices. As the size selectivity of the membrane decreases, its permeation decreases 

and the operation costs increases. In contrast to an MMM like operation, where a flux 

of water is forced to cross membrane, polymer@MOF composites can be as well 

applied as a filtering technology that is able to extract the pollutant from the water 

media in static or dynamic conditions. This is the strategy that have been followed to 

remove or degrade inorganic metal ions or organic pollutants from water media in this 

thesis. 

Regardless of whether polymer@MOF composites are ultimately intended for use 

as membranes or as filters, their processing strategies are similar. First, some of the 

most important variables to consider regarding the filler are its chemical structure, 

surface chemistry, particle size distribution and aspect ratio. Indeed, poor filler-

polymer compatibilities and filler segregation or blocking of its porosity by the 

polymer are the main reasons why traditional zeolites-, silica- or activated carbons-

polymer based membrane or filter technologies hardly achieve the final steps towards 

industrial implementation.[155] Fortunately, the use of MOFs in composite polymeric 

materials offers potential advantages because the control of the polymer-MOF 

interface interaction is easier to achieve than with classic materials. For instance, 

MOF’s organic linkers can be chosen aiming to achieve an optimal affinity for the 

polymer chains, which is not possible or simple for other inorganic fillers[155]. In 

addition, the size, shape and chemical functionalities of their cavities can be easily 

adjusted by choosing the appropriate linkers in the synthesis[156] or by post-synthetic 

functionalization in order to tune the adsorption properties of the filler.[157] 

The synthesis method of MOF containing polymeric membranes of filters has 

proved to be an easy and cheap procedure. Depending on the MOF and the polymer 

characteristics, and on the processing protocol, the polymer@MOF composite 

membranes or filters can be processed with precise macro to microporous 

interconnected structures able to selectively trap or separate certain ions or pollutants 

from the water media. 
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1.4.1. POLYMER@MOF COMPOSITES FOR HEAVY METAL ADSORPTION 

In the last years, polymer@MOF composites have attracted considerable attention 

for heavy metal remediation. Both if the MOF is integrated within the polymer just 

by a process involving the physical mixture of two components, or chemical bonding 

between the MOF and the polymeric host is induced through a polymerization 

process, the performance of the composite systems has overcome the one obtained by 

the parent polymeric membranes or filters.[158–160] 

As a given example, Gnanasekaran et al.[161] incorporated MOF-5 into three 

different polymeric membranes: polyether sulfone (PES); cellulose acetate (CA) and 

poly(vinylidene fluoride) (PVDF). The hydrophilic properties and performance of the 

composite membranes were enhanced by their hybridization with MOF-5, and the 

porosity and surface mean pore size was influenced too. Moreover, all the composites 

showed higher rejection efficiency of CuII and CoII ions compared to neat polymeric 

membranes, which allowed to filtrate water without these heavy metals. Valadi et 

al.[162] also endowed chitosan natural polysaccharide with MOF-808, and they prove 

that the insertion of the MOF could significantly affect the adsorption behaviour of 

chitosan. 

Other interesting example of MOF-based membrane technology for chromium 

separation was reported by M. Kalaj et al.[163] The copolymerization of a modified 

UiO-66-NH2 MOF growing on polyamide fiber during an interfacial polymerization 

led to interesting hybrid materials.150 The hybrid material demonstrated nearly an 

order of magnitude higher catalytic activity compared to MOFs that are physically 

entrapped, non‐covalently, in nylon, thus highlighting the importance of MOF–

polymer hybridization. Also, through photoinduced post-synthetic polymerization, 

UiO-66-NH2 can be functionalized with polymerizable functional groups, and its 

subsequent copolymerization with monomers is easily induced by UV light under 

solvent-free and mild conditions. Because of the improved interaction between MOF 

particles and polymer chains, the resulting stand-alone and elastic MOF-based PSP-

derived membranes possess crack-free and uniform structures and outstanding 

separation capabilities for CrVI ions from water.[164] Moreover, Miao et al.[165] 

developed a Fe-based polyacrylonitrile@MOF, immobilizing the MOF in nanofibers 
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by electrospinning. These composites succeeded in adsorbing CrVI in water and 

reducing it to CrIII. 

The MOF chemistry has been expanded exponentially during the last two decades, 

while the research background on polymeric materials give access to uncountable 

types of polymers to engineer MOF-composite materials. From synthetic to natural-

based, a broad scope of polymers has been synthesized, functionalized, processed and 

applied for water remediation with outstanding success.[166–168] Indeed, most of the 

water filtering and membrane commercial technologies are based on polymeric 

materials. In this work, we have selected two archetypal polymers to develop MOF-

composite devices, the poly(vinylidene fluoride) (PVDF) synthetic homologue and 

the natural derived chitin (CH) polysaccharide. 

 

Poly(vinylidene fluoride) 

Poly(vinylidene fluoride) (PVDF) is a thermoplastic fluoropolymer produced from 

the polymerization of vinylidene fluoride, with the chemical formula –CH2–CF2– 

(Figure 1.13a). It has been known since the 1960s for its outstanding mechanical 

properties, which has extended its use to many research areas and industrial uses.[169] 

PVDF and its copolymers have received great attention as a membrane material for 

water remediation applications, thanks to their chemical, thermal and mechanical 

stability, wide processing temperature and its aging resistance. What is more, these 

polymer shows a controlled porosity and pore size depending on its processing 

conditions, which has allowed the production of materials with different 

morphologies.[170–173] 

However, PVDF is a hydrophobic material, and thus, the selection of a proper 

membrane preparation technique is of paramount importance. Of the several 

preparation methodologies that can be used to process PVDF membranes,[173] phase 

inversion ones are the most employed for water remediation applications. In fact, 

method generates PVDF-membranes with high porosities and suitable permeabilities. 

This PVDF phase separation processing can be induced thermally (TIPS) and using a 

non-solvent (NIPS). 
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In the last decades, various PVDF copolymers have been developed to improve 

certain properties and make this material more suitable for specific applications. 

Among others, poly(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE), 

poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE), and poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP) have gained considerable attention 

due to their improved properties. PVDF-HFP (Figure 1.13b) is especially interesting 

because of its higher mechanical strength, increased free volume and lower 

crystallinity. As a consequence, it has been widely studied as a matrix to hold different 

nanoparticles.[174–177] Thanks to the structuration of the PVDF-HFP composites, they 

are able to immobilize varied nanoparticulated materials without leading to a fade of 

their efficiency to capture and separate both inorganic and organic pollutants. 

 

  

Figure 1.13. Schematic representation of the chain conformation of (a) PVDF and (b) 

PVDF-HFP. 

 

Among others, Salazar et al.[174] developed nanocomposite membranes using  

PVDF-HFP as the matrix and Fe3O4 and Y2(CO3)3 as fillers. The prepared 

nanocomposite membranes proved to be suitable for the removal from contaminated 

water of the most common and toxic forms of arsenic (AsIII and AsV) in a wide range 

of concentrations and natural conditions. Moreover, Martins et al.[176] developed 

PVDF-HFP membranes with Au functionalized TiO2 nanoparticles, which showed 

photocatalytic and adsorptive efficiency tested in norfloxacin and arsenic removal. 
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Metal-Organic Frameworks have also been introduced into PVDF-HFP matrixes 

for heavy metal remediation. As a given example, Queirós et al.[175] introduced  

MIL-88-B(Fe) and UiO-66-NH2 into PVDF-HFP polymeric matrixes to develop 

composite systems able to function in close to real-conditions. They obtained 

membranes with well-defined and interconnected micrometric porous structures, 

which led to an efficient CrVI adsorption. Among the studied composites, the 

membranes containing UiO-66-NH2 maintained the dual adsorption and reduction 

capacity of hexavalent chromium shown by the MOF material itself. 

 

Chitin 

Natural polymers, such as polysaccharides, proteins, and nucleic acids, show 

important advantages compared to synthetic polymers. These materials can be 

produced from renewable raw materials, are usually non-toxic and ideally 

biodegradable. Among these, chitin (CH) stands out for being the second most 

abundant natural biopolymer, only after cellulose.[178] It is obtained from marine 

media and especially from the exoskeleton of crustaceans or cartilage of molluscs.[179] 

It is formed by polymeric chains of N-acetyl glucosamine units (Figure 1.14), and it 

has an extremely chemical resistance, dissolving only under very harsh conditions,[180] 

which makes it ideal material for using it as polymeric matrix in water remediation 

membranes. What is more, the presence of acetamido and hydroxyl groups at the CH’s 

molecular chains makes this natural polymer highly effective in interacting with 

organic pollutants.[181,182] 

 

Figure 1.14. Schematic representation of the chain conformation of chitin. 
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CH@MOF composites have been fairly explored, with only one example reported 

in bibliography up to date. In this case, the copper-trimesate MOF (HKUST-1) was 

directly crystallized in the macro-mesoporous structure of the CH to generate a 

composite system able to trap ammonia efficiently from air both in static and dynamic 

conditions.[183] MOF hybridization of other polysaccharide far from CH have been 

revealed as a really interesting strategy to face water remediations, since the 

composite systems combine both the porosity and chemistry of both systems to trap 

organic and inorganic pollutants. Just to show some illustrating examples in this line, 

Ma et al.[184] directly growth the tetrahedral imidazolate framework TIF-A1 into 

chitosan matrix for PbII adsorption, and Ashour et al.[185] immobilized MIL-100(Fe) 

onto bacterial cellulose nanofibers to efficiently separate arsenic and Rhodamine B 

from aqueous solutions. 
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1.5. OBJECTIVES AND STRUCTURE OF THE THESIS 

This thesis aims to explore the different functionalization strategies that can be 

applied to water stable Metal-Organic Frameworks, and their integration into final 

polymeric filtering devices, to face an efficient recovery, separation and 

photoreduction of heavy metals and phenolic pollutants from water. Within this 

general aim, four are the intermediate objectives of the work: 

 To identify the best pre- and post-synthetic functionalization strategies of ZrVI 

benchmark MOFs in order to improve the specific functions to adsorb and 

photo-reduce CrVI to CrIII, or to selectively separate ions with different 

characteristics from complex multielement mixtures. 

 To explore the oxidative enzymatic-like functionality of the MOFs to degrade 

organic persistent chemicals once specific metal ions have been immobilized 

with their pore space. 

 To study the polymer@MOF composites, identifying how the insertion of the 

particles affects to the nano to microstructure of the composite and also to the 

adsorptive properties of the MOFs once immobilized in the polymeric matrix. 

 To apply neutron scattering techniques to fully understand the underpinning 

structural and chemical characteristics of our MOF and polymer@MOF systems 

when applied for water remediation purposes. 

 

To achieve these objectives, this thesis has been structured in six chapters. In 

Chapter 1, a general introduction to Metal-Organic Frameworks, together with the 

requirements they should have for their use in metal adsorption, separation and 

photoreduction processes is explained. What is more, different strategies to boost 

these functions are presented. In parallel, the general state of art in polymer@MOF 

composites for water remediation, specially focused on the polymeric materials 

studied in this thesis project is summarized. 

In Chapter 2, the materials, reagents and general experimental procedures that have 

been systematically used in this work are described. In parallel, a brief description of 
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the fundamental basis, experimental conditions and equipment of the characterization 

methods and the experimental protocols have been summarized. 

Chapter 3 explores the dual photoreductive and adsorptive capacity of different 

MOFs for CrVI remediation. This chapter is divided in two sections. In section 3.1, the 

functionality of UiO-66(-NH2) and MIL-125 materials for this end is fully 

investigated. To this end, the effect of the defect chemistry of the UiO-66 materials 

and the particle size of MIL-125 on their adsorptive and photoreduction efficiencies 

has been studied. Section 3.2 focuses in the Multivariate Functionalization of  

UiO-66, combining linkers with –NH2, -(OH)2 and –NO2 functionalities within its 

framework. We have unravelled the synergic effects of MTV chemistry for CrVI 

adsorption and photoreduction, but also, on the variation of the chemical stability of 

the framework. 

Chapter 4 explores the post-synthetic modification of MOF-808 to improve its 

adsorption affinity towards anionic, and especially cationic ions with a broad variety 

of acidities. Once achieved the metal-immobilization, the capacity of the material to 

work as a bioinspired catalyst has been studied. It is also divided in two sections. In 

section 4.1, the incorporation of amino acids and natural acids to the pore space of 

MOF-808 via solvent assisted ligand incorporation (SALI) is explored. The impact of 

the chemical modifications to modulate the adsorption affinity over various metal 

cations and anions is studied. In section 4.2, the catalytic activity of copper-doped 

MOF-808@(amino) acid materials for phenolic compounds wet oxidation has been 

assessed. The impact of the coordination and clustering of copper ions installed in our 

biomimetic system into its catalytic efficiency has been investigated. Inelastic neutron 

scattering has helped to elucidate the amino acid anchoring process and the metal 

immobilization into the framework. 

Chapter 5 is focused in the development of polymer@MOF composites. In section 

5.1, PVDF-HPF@MOF membranes are developed, using two different phase 

inversion techniques (thermally induced phase separation (TIPS) and non-solvent 

induced phase separation (NIPS)) and inserting three different MOFs (MIL-125, UiO-

66-NH2, and MOF-808). The micro to nanostructure of the composites has been 

studied through different techniques, including small angle neutron scattering. The 
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adsorption capacities towards CrVI of the composite systems are studied and compared 

to the ones obtained for the MOF materials. What is more, the in-situ functionalization 

of PVDF-HPF@MOF-808 membranes with cysteine is explored, and their capacity 

to adsorb HgII has been determined. In section 5.2 the natural polymer chitin is used 

as matrix, and a material that can adsorb from heavy metal ions to large proteins or 

nanoparticles is developed.  

The last chapter of this thesis, Chapter 6, is dedicated to the general conclusions 

derived from this work, together with the open perspectives to develop in the future. 
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Chapter 2  
Experimental techniques 

 

In this chapter, the most general materials, reagents and procedures that have been 

systematically used in this work will be described to avoid unnecessary repetitions 

throughout the document. In parallel, a brief description of the fundamental basis, 

experimental conditions and equipment of the most used characterization methods and 

the experimental protocols have been summarized. 

2.1. CHEMICALS 

Tables 2.1, to 2.5 gather the reactants, chemical formula, commercial supplier 

(CS), assay (AS) and Chemical Abstracts Service number (CAS) of the chemicals 

used in this thesis. 

Table 2.1. Chemicals and solvents used for MOF synthesis and cleaning. 

Name Formula CS AS CAS 

Zirconium (IV) chloride ZrCl4 Alfa Aesar 98% 10026-11-6 

Titanium (IV) 

isopropoxide 
Ti[OCH(CH3)2]4 Sigma Aldrich 97% 546-68-9 

Zirconium dichloride 

oxide octahydrate 
ZrOCl2·8H2O Alfa Aesar 98% 13520-92-8 

Terephthalic acid C8H6O4 Sigma Aldrich 97% 100-21-0 

2-aminoterephthalic acid C8H7NO4 Sigma Aldrich 97% 10312-55-7 

2,5-dihydroxyterephthalic 

acid 
C8H6O6 Sigma Aldrich 97% 610-92-4 

2-nitroterephthalic acid C8H5NO6 Sigma Aldrich 97% 610-29-7 

Trimesic acid C9H6O6 Alfa Aesar 98% 554-95-0 

N,N-Dimethylformamide  HCON(CH3)2 Labkem 99.8% 68-12-2 

Formic acid H2CO2 Labkem 99% 64-18-6 

Acetone C3H6O Scharlau 99.5% 67-64-1 

Ethanol C2H6O Labkem 99% 64-17-5 

Methanol CH4O Alfa Aesar 99% 67-56-1 
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Table 2.2. Amino acids and natural acids used for post-synthetic functionalization of MOFs.. 

Name Formula CS AS CAS 

L-(+)-Asparagine C4H8N2O3 Alfa Aesar 99% 70-47-3 

L-Histidine C6H9N3O2 TCI Chemicals 99% 71-00-1 

L-Cysteine C3H7NO2S Sigma Aldrich 97% 52-90-4 

Mercaptosuccinic acid  C4H6O4S Alfa Aesar 98% 70-49-5 

Succinic acid C4H6O4 Alfa Aesar 99% 110-15-6 

Fumaric acid C4H4O4 Sigma Aldrich 99% 110-17-8 

Malic acid C4H6O5 Alfa Aesar 97% 97-67-6 

Citric acid monohydrate C6H8O7.H2O Labkem 99% 5949-29-1 

 

Table 2.3. Metals salts employed to obtain the solutions used in the adsorption tests. 

Name Formula CS AS CAS 

Mercury (II) chloride HgCl2 Sigma Aldrich 99.5% 7487-94-7 

Nickel (II) chloride NiCl2 Sigma Aldrich 98% 7718-54-9 

Chromium (III) chloride 

hexahydrate 
CrCl3.6H2O Sigma Aldrich 96% 10060-12-5 

Cadmium (II) nitrate 

tetrahydrate 
Cd(NO3)2.4H2O Sigma Aldrich 98% 10022-68-1 

Lead (II) nitrate Pb(NO3)2 Labkem 99% 10099-74-8 

Lanthanum (III) nitrate 

hexahydrate 
La(NO3)3.6H2O Sigma Aldrich 99.99% 10277-43-7 

Yttrium (III) chloride YCl3 Abcr 99.9% 10361-92-9 

Europium (III) nitrate Eu(NO3)3.6H2O Alfa Aesar 99.9% 10031-53-5 

Potassium dichromate K2Cr2O7 Sigma Aldrich 99% 7778-50-9 

Copper (II) chloride 

dihydrate 
CuCl2.2H2O 

Acros 

Organics 
99% 10125-13-0 

Sodium arsenate dibasic 

heptahydrate 
Na2HAsO4·7H2O Sigma Aldrich 98% 10048-95-0 
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Table 2.4. Reagents used for the catalytic acitivity tests. 

Name Formula CS AS CAS 

Phenol C6H6O TCI Chemicals 99.5% 108-95-2 

Catechol C6H6O2 TCI Chemicals 99% 120-80-9 

2,4-dichlorophenol C6H4OCl2 TCI Chemicals 98% 120-83-2 

Hydroquinone C6H6O2 Sigma Aldrich 99% 123-31-9 

Paracetamol C8H9NO2 Sigma Aldrich 99% 103-90-2 

4-aminoantyprine C11H13N3O Alfa Aesar 97% 83-07-8 

Hydrogen peroxide H2O2 Panreac 
30% w/w 

in water 
7722-84-1 

 

Table 2.5. Other reagents used along the thesis. 

Name Formula CS AS CAS 

PVDF-HFP 
(C2H2F2)x(C3F6)

y 

Solvay 
88% PVDF 

12% HFP 
9011-17-0 

Chitin  (C8H13O5N)x Sigma Aldrich 99% 1398-61-4 

Calcium chloride CaCl2 Panreac 99.99% 10043-52-4 

Erythrosine B C20H6I4Na2O5 Sigma Aldrich 95% 16423-68-0 

Methylene blue C16H18ClN3S Sigma Aldrich 98% 61-73-4 

Methyl orange C14H14N3NaO3S Sigma Aldrich 85% 547-58-0 

Polymyxin B sulfate C48H84N16O17S Sigma Aldrich - 1405-20-5 

Lysozyme - Sigma Aldrich 90% 12650-88-3 

Gold (III) chloride HAuCl4 Sigma Aldrich 99% 13453-07-1 

1,5-

Diphenylcarbazide 
C13H14N4O Sigma Aldrich 99% 140-22-7 

Sulphuric acid H2SO4 Labkem 97% 7664-93-9 

Potassium 

permanganate 
KMnO4 Sigma Aldrich 99% 7722-64-7 

Sodium azide NaN3 Sigma Aldrich 99.5% 26628-22-8 

4-aminoantipyrine C11H13N3O Alfa Aesar 97% 83-07-8 

Hydrochloric acid HCl Sigma Aldrich 30% 7647-01-0 

Sodium hydroxide NaOH Alfa Aesar 97% 1310-73-2 
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2.2. CHARACTERIZATION METHODS 

2.2.1. X-RAY SCATTERING TECHNIQUES 

X-rays are electromagnetic radiation with a wavelength, λ, which magnitude is of 

the same order as the one of the atomic ordered planes of the crystalline structures. 

When X-ray radiation with a given wavelength hits the valence electrons of these 

atoms, it gets diffracted from the different atomic layers.[1] The radiation emitted by 

each atom expands as a wave and interferes with that created by the surrounding 

atoms. These interferences can be destructive or constructive. The constructive ones 

occur at certain angles (θ) that satisfy Bragg's law[2] (Equation 2.1). 

𝜆 = 2 𝑑ℎ𝑘𝑙 𝑠𝑒𝑛 𝜃                                            (2.1) 

where λ is the wavelength of the X-rays, θ is the incident angle of the radiation and 

dhkl the is spacing between two consecutive planes defined as a vector of the hkl 

components. A schematic representation of the X-ray diffraction process can be found 

in Figure 2.1. 

 

 

Figure 2.1. Schematic representation of the X-ray diffraction by a set of ordered planes of 

atoms. Reproduced with permission from U. Gawas et al.[3] 
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Powder X-ray Diffraction 

Powder X-ray Diffraction (PXRD) has been applied in this thesis to confirm the 

presence of the desired phase after the synthesis, as well as to discard the co-

crystallization of secondary compounds while assessing the crystallinity of the 

materials before and after operation. A polycrystalline material is made up of a large 

number of tiny crystals arranged randomly with respect to one another. A sample with 

these characteristics, when irradiated with an X-ray beam of a specific wavelength, 

will always present a certain number of crystallites that, due to their orientation, 

satisfy Bragg's law. As the diffraction signature is given by the internal ordered 

disposition of the atoms within the crystal structure of the materials, the X-ray 

diffraction pattern mainly depends on the spacing of the planes and the electron 

density of the atoms within the planes in the studied material, as well as on the 

characteristics of the diffractometer and of the experiment. Therefore, each material 

has its characteristic X-ray diffraction signature that can be calculated from its 

structural model and the experimental conditions used in the experiment. 

As the average structure of all the materials that have been synthesized in this work 

is already known, their structural models have been obtained from the Cambridge 

Structural Database.[4,5] In parallel, in this work, two different spectrometers have 

been used to characterize the samples. 

For the vast majority of the samples, a Panalytical X´pert CuKα (Kα1=1.540560, 

Kα2=1.544390) diffractometer in the following conditions: 2θ range = 5 – 70°, step 

size = 0.05°, exposure time = 10 s per step at room temperature was used. Panalytical 

X´pert is a polycrystalline sample diffractometer with theta-theta geometry, a 

programmable slit, secondary graphite monochromator adjusted to a copper radiation 

(Kα1=1.540560, Kα2=1.544390) and fast solid state PixCel detector adjusted to a 

3.347º active length in 2θ(°). The equipment allows performing high-quality 

measurements for the subsequent data processing, at the level of full profile 

adjustments without/with a structural model. 

Furthermore, temperature-dependent X-ray diffraction (TDX) analysis were 

performed in order to study the thermal stability of the samples with a Bruker D8 
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Advance Vantec diffractometer (CuKα radiation, Kα1=1.540560, Kα2=1.544390), 

equipped with a variable-temperature stage HTK2000 for the measurements 

performed in the 30 to 500 °C temperature range. Patterns were registered each 10 °C 

(2θ range= 5-40°, step size= 0.01°, exposure time = 0.5 s per step). Both 

diffractometers belong to the General Research Services (SGIker) of the UPV/EHU. 

The X-ray diffraction results are collected on a diffractogram representing the 

intensity of the diffracted radiation that reaches the detector as a function of the 2θ 

angle. In this diffractogram, a series of peaks that occur for those values of θ that 

comply with Bragg's law (Equation 2.1) could be observed. Each crystalline solid 

presents a characteristic diffractogram as if it were its fingerprint. To obtain 

information from the diffractograms, it is necessary to make an analysis of them taking 

into account the position of the diffraction maxima, their profile and their intensity. 

Among the information that can be obtained from the X-ray diffractograms are the 

space group and the network parameters or the average size of the particles. 

To obtain those parameters the results are commonly analysed by using different 

programs, such as FullProf[6,7] or TOPAS,[8] and are compared with those present in a 

database in order to study their crystalline structure by using a refinement method, 

such as the Rietveld method. The Rietveld method consists of a theoretical least 

square´ adjustment of the full diffraction pattern to a profile calculated for a structural 

model in order to refine the crystal structures and obtain the structural and profile 

parameters. Along this thesis, full peak fit profile matching of the samples has been 

performed in order to confirm the absence of impurities and analyse the structure of 

the samples. 

 

Small Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) is a powerful analysis tool, capable of 

selectively resolving structures of the order 1 nm to over 100 nm.[9] This means that it 

can determine nanoparticle size distributions, resolve the size and shape of 

(monodisperse) macromolecules, determine pore sizes, characteristic distances of 

partially ordered materials, and much more. If the scattering object is bigger than 
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several tenths to hundreds of nanometers, SAXS gives information about the 

interfaces within the scattering object. This is achieved by analysing the elastic 

scattering behaviour of X-rays when traveling through the material, recording their 

scattering at small angles (typically 0.1 – 10°, hence the "Small-angle" in its name). 

It belongs to the family of small-angle scattering (SAS) techniques along with small-

angle neutron scattering, and is typically done using hard X-rays with a wavelength 

of 0.07 – 0.2 nm. 

SAXS measurements of this work were carried out using a Cu Kα radiation SAXS 

point 2.0 instrument (Anton Paar, Austria) with a hybrid photon-counting 2D EIGER 

R series detector. The measurements covered a q-range of 0.07-5 nm−1 with q-

resolution δq < 0.003 nm−1. The measurements were carried out on samples in solution 

at room temperature using a special quartz capillary of 1 mm in diameter or a special 

plate for solid films and powdered samples. 

 

2.2.2. NEUTRON SCATTERING TECHNIQUES 

Neutron scattering techniques are widely used in materials science due to their 

multiple advantages. Thanks to their neutral nature (they have no charge), they are 

non-destructive and highly penetrating in the matter. The basis of neutron scattering 

is similar to X-ray scattering, but unlike X-rays, neutrons interact with atoms via 

nuclei forces rather than electrical forces, making it possible to scatter light elements 

and distinguish isotopes and elements with similar atomic numbers (Z).[10]  

One of the remarkable consequences of quantum mechanics is that matter has both 

particle- and wave-like nature.[11] The neutron is no exception from this. To be more 

specific on the wave nature of matter, a particle moving with constant velocity, ʋ, can 

be ascribed a corresponding (de-Broglie) wavelength, given by Equation 2.2. 

𝜆 =
2𝜋ħ

𝑚𝑣
                                                      (2.2) 

where λ is the wavelength, m the mass of the neutron, ʋ the velocity of the neutron 

and ħ reduced plank constant.  
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Thanks to this, neutrons can have similar wavelengths than X-rays (λ ≈ 0.1 nm), 

but with much smaller energies (X-rays have energies in the range of keV, while 

neutrons work in ranges of meV for the same wavelength), which is an enormous 

advantage when we want to study dynamic processes, as small energies are needed 

(1-100 meV) to see small changes in energies. 

Neutron facilities can be classified into two main groups: fission reactors and 

spallation sources. In reactors, the most commonly used element for fission is the 235U 

isotope. This reaction can be made self-sustaining because it is exothermal and 

releases more neutrons per fission process than are needed to initiate the process 

(Figure 2.2a). In these facilities, a high continuous flux of neutrons is produced in the 

core of a conventional fission reactor. Because of this continuous flux, in fission 

reactors, a monochromator is normally used to determine the incoming neutron 

wavelength. Institute Laue-Langevin (ILL), located in Grenoble (France) is an 

example of this type of facility. For instance, the Inelastic Neutron Scattering data 

analysed in this work have been obtained in the IN1-Lagrange beamline of this 

strategic installation. 

On the contrary, in a spallation facility a pulsed production of neutrons is generated 

by bombarding a target of heavy elements with high-energy particles, typically 

accelerated protons (Figure 2.2b). As an advantage of having a pulsed neutron flux 

instead than a continuous one, the incoming neutron wavelength can be determined 

by the time the neutrons need to reach the detector (Time-of-flight methodology), 

without the need for a monochromator. An example of a spallation facility is the ISIS 

Neutron and Muon Source, located in Oxfordshire (United Kingdom), where Small-

Angle Scattering experiments shown in this thesis have been developed. 

On the other hand, neutron scattering techniques can also be classified into two 

large groups: (i) elastic scattering, used to study the structure of the materials and (ii) 

inelastic scattering, also known as spectroscopy, which is used to study the lattice 

dynamics. 
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Figure 2.2. The two main methods of neutron production. (a) Fission of 235U nucleus 

in a traditional nuclear reactor. (b) Spallation process: protons accelerated into the 

GeV regime can split heavy nuclei with a large neutron surplus, creating free 

neutrons among the reaction products. 

 

Small Angle Neutron Scattering 

Small Angle Neutron Scattering (SANS) follows the same basics as Small Angle 

X-ray Scattering, but it is based on the elastic scattering of neutrons instead of X-rays. 

Besides the general advantages of neutron methods, such as non-destructivity, 

isotopic substitution, sensitivity to the magnetic structure etc., SANS shows several 

special advantages: 

 Gives average information about the entire volume of the sample placed into the 

neutron beam (not only about its surface). 

 Needs no sample preparation, therefore sample-preparing artefacts can be 

avoided. 

 Makes possible the in-situ following of various processes in function of physical 

or chemical parameters, such as temperature, concentration, annealing, 

enlightening, strain or stress etc. 
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Comparing it to the small angle X-ray scattering (SAXS), because of the difference 

between the X-rays’ and neutrons’ interaction with the matter, SANS and SAXS 

usually provide different information; often the neutron and X-ray small angle 

scattering are used as complementary methods. 

SANS measurements were performed on the SANS2D instrument[12] at the ISIS 

Pulsed Neutron and Muon Source (Oxfordshire, UK). This versatile instrument 

combines time-of-flight techniques with a ‘white’ beam of neutrons and two, large, 

independently-moveable, two-dimensional detectors to provide a very wide, but 

adjustable, dynamic range in scattering vector, q (=4·π·sinθ/λ, where 2q is the 

scattering angle and λ is the neutron wavelength). For this experiment, the instrument 

was operated at 10 Hz with a wavelength band of 1.75 ≤ λ (Å) ≤ 12.5 and the detectors 

were situated at 5 m and 12 m from the sample (with the rear detector also offset 

vertically by 75 mm and horizontally by 100 mm) to provide a simultaneous q-range 

of 0.0015 ≤ λ (Å-1) ≤ 1.0. The incident neutron beam was collimated to 8 mm in 

diameter. The samples were contained in thin aluminium foil ‘envelopes’ and attached 

to an enclosed computer-controlled, multi-position, sample changer thermo-stated by 

a circulating fluid bath. Measurements were performed at 25 ○C. Independent 

measurements of the scattering pattern and the neutron transmission were performed 

on each sample for ~30 min and ~10 min, respectively. The ‘raw’ neutron data were 

corrected for the efficiency and spatial linearity of the detectors, the neutron 

absorption and illuminated volume of the sample, the background scattering from an 

empty foil envelope and the instrument itself using the Mantid framework, and 

radially averaged to yield the coherent elastic differential scattering cross-section, 

hereafter denoted as ‘intensity’, I, in absolute units, as a function of q. These data were 

then placed on an absolute scale by reference to the scattering from a partially-

deuterated polystyrene polymer blend of known molecular weight measured with the 

same instrument configuration.[13] 
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Inelastic Neutron Scattering 

Inelastic neutron scattering (INS) is a spectroscopy technique based on the energy 

analysis of neutrons after they have been scattered by a sample. A detected energy 

transfer can be related to the physical interaction of the corresponding atoms with their 

environment. This energy transfer, located in the range of meV, typically arises from 

vibrations of atoms or molecules. 

INS can be used to characterize chemical bonds both in the bulk as well as on the 

surface.[14] The method exploits the slightly different behaviour between bound and 

free atoms during the scattering process and uses the difference in energy and 

momentum transfer to construct the vibrational states of the system, and thus, gives 

complementary data to Infrared or Raman spectroscopies. 

The Inelastic Neutron Scattering (INS) spectra of Chapter 4 were measured at  

10 K in the range of energy transfers from ~ 8 to 3600 cm-1 (that corresponds to ~ 1 

to 438 meV) with an energy resolution of ΔE/ ΔE ~ 2 % using the IN1-Lagrange 

neutron spectrometer installed at the hot source of the high-flux reactor at the Institute 

Laue-Langevin (Grenoble, France).[15] This energy range was obtained by using 

different monochromators: Si(111) monochromator for energies from 8 to 113 cm-1, 

Si(311) for energies from 97 to 193 cm-1 and Cu(220) monochromator for energies 

from 173 to 3576 cm-1. The background spectrum from the cryostat and an empty 

sample holder was measured separately and then subtracted from the raw INS 

spectrum of the sample. To the extent that kf is much smaller than ki (and therefore 

high Q), the observed intensity is directly proportional to the generalized density of 

states (GDOS), which is the hydrogen partial density of states in the case of 

hydrogenated materials. Data sets were then normalized for monitor counts and 

corrected for empty cells. 

 

2.2.3. INFRARED SPECTROSCOPY 

Infrared spectroscopy (IR) is a highly useful technique to identify specific 

functional groups or organic molecules present in solid, liquid or gases. In this 

technique, the sample is irradiated with infrared radiation, which is not very energetic, 
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and thus, it is not capable to produce electronic transitions. The absorption of radiation 

is limited to molecular species for which there are small energy differences induced 

by the vibrational states of the molecules. 

To absorb in the infrared range, a molecule must undergo a change in the dipole 

moment as a consequence of its vibrating or rotating movement. This way, the 

radiation can interact with the molecule and cause changes in the amplitude of some 

of its movements. If the frequency of the radiation matches the natural vibration 

frequency of the molecule, a net transfer of energy takes place, causing a change in 

the amplitude of the molecular vibration and the infrared absorption as a consequence. 

Two basic categories of vibrations can be distinguished: stretching and bending. 

Stretching vibrations are changes in the interatomic distance along the axis of the bond 

between two atoms, while bending vibrations are caused by changes in the angle 

between two bonds. Figure 2.3 shows the schematic representation of these vibrations. 

 

Figure 2.3. Schematic representation of molecular vibrations. Reproduced with permission 

from J. M. Cameron et al.[16] 

 

The signal resulting from the Infrared Spectroscopy measurement is a spectrum 

that represents the molecular "footprint" of the sample, which is characteristic of its 

chemical structure. In this thesis, the infrared spectra have been obtained in a 

spectrophotometer with Fourier transform JASCO FT/IR-6100 in Attenuated Total 
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Reflectance mode (FTIR-ATR). Fourier transform instruments have a better 

signal/noise ratio than most instruments operating in the infrared spectral range. They 

are also characterized by their high resolutions and by their high accuracy and 

reproducibility in the determination of frequencies. This is due to the fact that their 

optics allow the arrival of a higher intensity of radiation at the detector. On the other 

hand, ATR is an infrared sampling technique that has allowed to eliminate in many 

cases the need for sample preparation, improving sample-to-sample reproducibility 

and minimizing user-to-user spectral variation. An ATR accessory works by 

measuring the changes that occur in a total internal reflected infrared beam when the 

beam comes into contact with a sample. An infrared beam is directed onto an optically 

dense crystal with a high refractive index at a certain angle. This internal reflectance 

creates an evanescent wave that extends beyond the surface of the crystal into the 

sample held in contact with the crystal. 

Infrared spectroscopy has allowed characterizing several materials synthetized in 

this work, as it is a powerful tool to identify functional groups incorporated into the 

organic linkers of the MOFs during the synthesis (Chapter 3), or the amino-acid 

functionalities introduced in the framework (Chapter 4) after the synthesis of the 

ordered porous materials. In addition, IR spectroscopy allows monitoring any change 

in the vibrational fingerprint of the materials after adsorption or photocatalysis. 

 

2.2.4. RAMAN SPECTROSCOPY 

Raman spectroscopy is a high-resolution photonic technique that provides 

chemical and structural information on almost any organic and/or inorganic material 

or compound in a few seconds, allowing its identification. Raman spectroscopy 

analysis is based on the examination of light scattered by a material when a 

monochromatic light beam is incident on it. A small portion of the light is inelastically 

scattered, undergoing slight changes in frequency that are characteristic of the 

analyzed material, and independent of the frequency of the incident light. It is an 

analysis technique that is performed directly on the material to be analysed without 

the need for any special preparation. 
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Raman spectra of Chapters 4 and 5 were obtained on a Renishaw InVia Raman 

from the SGIker with an excitation laser beam of 785 cm-1 and 75mV laser power. For 

that, a few milligrams of MOF nanoparticles or CH/MOF-808 composites were placed 

at the sample holder and measured for 5 scans of 20 s in the 150-3200 cm–1 

wavenumber range. 

 

2.2.5. ELECTRON PARAMAGNETIC RESONANCE 

Electron paramagnetic resonance (EPR) is a widely used spectroscopic technique 

for the characterization of materials containing metal ions or organic radicals with 

single unpaired electrons. Moreover, EPR analysis provides information about the 

electronic configuration, distortion of the coordination environment of paramagnetic 

ions, as well as on the existence of possible magnetic interactions between them. 

This technique describes the case of resonance of an atomic particle as a result of 

high-frequency electromagnetic radiation absorption in the presence of an external 

magnetic field, and it is based on the fact that the spin of an electron can adopt two 

orientations along the direction defined by the applied magnetic field H. This breaking 

of the spin degeneracy gives rise to an energy difference (ΔE) between the ms=+1/2 

and -1/2 states (Zeeman states) (Figure 2.4) being its value defined by Equation 2.3. 

∆𝐸 = 𝑔𝜇𝐵𝐻                                                  (2.3) 

where µB is Bohr electronic magneton, H is the external magnetic field and g is 

Lande’s factor. This factor is a characteristic constant for each substance. For instance, 

for an electron ge = 2.0023. The symbol 𝑔 is used when the electrons interact with 

other particles, in which case g ≠ ge. 
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Figure 2.4 Schematic representation of the splitting of electron spin states. 

 

In EPR spectroscopy, the radiation used is in the gigahertz range. Unlike most 

traditional spectroscopy techniques, in most EPR equipment, the frequency of the 

radiation (which is usually in the range of microwaves) is held constant while the 

magnetic field is varied, and thus, the energy difference between the two spin states 

too (Figure 2.4). 

When the energy difference between the two spin states matches the incident 

photon energy, some electrons are excited in the upper energy level and flip their spin 

direction. After a time (t1), the relaxation time, excited electrons return to their original 

state emitting photons whose energy is equal to ΔE. 

In Chapter 3, EPR analysis allowed to study the CrVI reduction process, as the EPR 

signature of the samples (more extensively explained in Chapter 3.2), allows 

identifying CrV species, as well as both clustered and isolated CrIII species. In  

Chapter 4, EPR analysis allowed to obtain substantial information about the electronic 

structure and the nature of the coordination environment of several EPR-active metal 

ions adsorbed into amino acid-modified MOF-808. 

EPR spectra were recorded at room temperature using a Bruker ELEXSYS 500 

spectrometer (X band). The spectrometer was equipped with a super high-Q resonator 

ER-4123-SHQ and the samples were placed in quartz tubes. In order to establish a 
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qualitative comparison, approximately the same amount of sample and packing degree 

within the quartz tubes was used in all cases. The magnetic field was calibrated by a 

S4 nuclear magnetic resonance (NMR) probe and the frequency inside the cavity 

(~9.395 GHz) was determined with an integrated microwave frequency. 

 

2.2.6. PROTON NUCLEAR MAGNETIC RESONANCE 

Nuclear magnetic resonance (NMR) is a physical phenomenon in which nuclei in 

a strong constant magnetic field are perturbed by a weak oscillating magnetic field 

and respond by producing an electromagnetic signal with a frequency characteristic 

of the magnetic field at the nucleus. As it happens in EPR, NMR analysis describes 

the case of resonance of an atomic particle as a result of high-frequency 

electromagnetic radiation absorption in the presence of an external magnetic field. 

The main difference is that NMR is related to the nucleus, while EPR is related to the 

unpaired electron. 

Among the huge variety of nuclei that can be analysed with this technique, proton 

nuclear magnetic resonance (1H-NMR) is an especially useful technique for MOF 

characterization. 1H-NMR analyses of the thesis were performed in a Bruker 

AVANCE 500 at 500 Hz, from the SGIker. To this end, the MOF samples were 

digested in a NaOH 1 M D2O-based solution. 

Afterwards, by integrating and comparing the proton signals associated with the 

organic linkers, a molar ratio of the linker in multivariate UiO-66-R (R= NH2, (OH)2, 

NO2, NH2-(OH)2, NH2-NO2, (OH)2-NO2 and NH2-(OH)2-NO2) materials was obtained 

in Chapter 3.2. Similarly, the amino acid molecules installed per formula unit of  

MOF-808 were quantified by 1H-NMR in Chapter 4. The integration of the NMR 

signals was performed with the MestReNova software, by selecting the signals easier 

to isolate in the cases where there was more than a signal for the same molecule. 
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2.2.7. ULTRAVIOLET-VISIBLE SPECTROSCOPY 

Ultraviolet-Visible (UV-Vis) spectroscopy for liquid and solid samples is a widely 

employed characterization technique to quantify the presence of certain substances in 

solution, or to identify/quantify the presence of certain functional groups or metals 

that exhibit electronic transitions that occur within the energy range of the UV-Vis 

wavelengths. This technique consists of measuring the light that a sample absorbs at 

different wavelengths within the UV-Vis range, as a consequence of an electron 

moving from a lower energy level to a higher energy level after adsorbing a photon 

of a concrete wavelength. This absorption depends on the molecules’ or metals’ 

electronic structures and is characteristic of the substance/coordination complex. 

What is more, the optical band gap of a semiconductor can be also determined 

thanks to UV-Vis spectroscopy. The term “band gap” refers to the energy difference 

between the top and bottom of the valence and conduction bands in a semiconductor. 

The electronic structure of semiconductor materials determines the energy barrier 

between the conduction and balance bands, which is related to the energy input that 

is necessary for an electron to jump between them. In the specific case of 

photocatalytic processes, the band gap determines the energy of the phonons 

(wavelength of the light source) that is needed to trigger the exciton generation 

through the electron transfer from the balance to conduction bands. 

In Chapter 3.2, laser absorptivity of the powder samples was measured using 

diffuse reflectance spectroscopy (DRS) to determine the optical band gap of the 

samples, as well as to monitor the CrVI and CrIII immobilization in the MOF after 

adsorption and photoreduction processes. In Chapter 4.2, the same technique was 

employed to study the UV-Vis signature of CuII ions immobilized in (amino)acid 

functionalizes MOF-808 samples. 

DRS was recorded in the 200-2200 nm wavelength range with 1 nm spectral 

resolution using an ultraviolet-visible-near infrared (UV-Vis-NIR) V-770 Jasco 

spectrophotometer equipped with a 150 mm diameter integrating sphere coated with 

Spectralon from the SGIker. A Spectralon reference was used to measure the 100% 

reflectance and internal attenuators were used to determine zero reflectance to remove 
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background and noise. The powders were placed in a quartz cuvette, sealed, and 

mounted on a Teflon sample holder for the DRS measurement. The measured 

reflectance spectra were subsequently converted to Kubelka-Munk (K-M) absorption 

factors to evaluate the absorption spectra of the powders. This conversion was 

performed using the K-M equation (Equation 2.4). 

𝑓(𝑅) =
(1𝑅2)

2𝑅
                                                       (2.4) 

where R is the measured reflectivity of the samples. 

On the other hand, liquid UV-Vis spectroscopy was especially useful to develop 

the stability tests performed in Chapter 3.2. UV-Vis was used to quantify the linker 

concentration leached from the MOFs after immersing them in solutions of different 

acidities. In addition, UV-Vis spectroscopy was also used for CrVI quantification in 

the photoreduction experiments, following a simplified methodology based on a 

previously reported one for 1,5-Diphenylcarbazide,[17,18] which is described in detail 

in section 2.3.3 of this chapter. These spectra were recorded using a Spectronic 20 

Genesys spectrophotometer.  

Finally, the determination of the concentrations of the different organic and 

inorganic pollutants of Chapter 5.2 were also recorded using a Spectronic 20 Genesys 

spectrophotometer. 

 

2.2.8. X-RAY PHOTOELECTRON SPECTROSCOPY 

X‐ray photoelectron spectroscopy (XPS) is a non-destructive technique that 

provides information on the elements present on the surface, as well as on their 

oxidation state and/or coordination environment. In this technique, a photon of hv 

energy attacks the atoms located on the surface and as a consequence of the 

photoelectric effect, photoelectrons are emitted with the energy based on Equation 

2.5: 

𝐸𝐵 =  ℎ𝜐 –  𝐸𝐾 –  𝑊                                          (2.5) 
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where hv is the energy of the photons, Ek the energy of the created photoelectron, W 

the work function of the spectrophotometer and EB the binding energy (a parameter 

that identifies the electron in a specific way). 

XPS measurements were acquired using a SPECS spectrometer (Berlin, Germany) 

equipped with a Phoibos 150 1D‐DLD analyser and monochromatic Al Kα radiation 

(h·ν=1486.6 eV). XPS survey scans (step energy 1 eV, dwell time 0.1 s, pass energy 

80 eV) were acquired. The spectrometer was previously calibrated with Ag (Ag 3d5/2, 

368.26 eV). Selected energy ranges were studies for specific elements recording 

higher energy resolution scans of the appropriate peaks (step energy 0.08 eV, dwell 

time 0.1 s, pass energy 30 eV) with an electron take‐off angle of 90°. The binding 

energies (BEs) were calibrated against the surface carbon contamination at 284.6 eV. 

The spectra were fitted by CasaXPS 2.3.16 software, modelling properly weighted 

sum of Gaussian and Lorentzian component curves, after background subtraction 

according to Shirley. 

 

2.2.9. GAS ADSORPTION/DESORPTION ISOTHERMS 

Gas adsorption isotherms measurement is one of the most important techniques for 

the characterization of porous materials since it offers information about the surface 

area and the pore distribution (pores size and volume).[19] These measurements are 

based on the analysis of the amount of gas physically adsorbed in the material surface 

and how it adsorbs it. 

The uptake of gas can be expressed as an equivalent volume at standard pressure, 

as a true volume or mass, or as moles per gram. This is plotted against the equilibrium 

pressure (p/p0) at a constant temperature, and the plot is an isotherm of the adsorbate 

uptake. Figure 2.5 shows the different types of adsorption isotherms which complete 

the IUPAC classification. 

Type I isotherms, also known as Langmuir isotherms, are the simplest ones, 

characteristic of a chemisorption process in microporous materials. There is an initial 

step where a monolayer is deposited inside the micropores, and once they are filled, 

the isotherm reaches a saturation value quickly. In type II and IV isotherms, a 
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monolayer is created at low pressures, then there is a plateau when all energetically 

favorable sites have been occupied, and multilayers are created at high pressures. 

Porous materials show the hysteresis effect of type IV isotherms, due to the different 

energetics of condensation on the surface and evaporation away from the pore (as a 

consequence of a surface with different curvatures in the forward and reverse 

direction). Type III and V isotherms correspond to physical adsorption in multilayers 

where the equilibrium constant for the formation of the first layer is the same as for 

the following ones (no difference is observed between the filling of the first layer and 

the rest). These isotherms are characteristic of macro-porous or non-porous materials 

with a weak interaction between the adsorbate and the adsorbent. Type VI isotherms 

result from distinct monolayers being built up on a surface, which means, that only 

when a layer is completed, another one can be formed. This happens in materials with 

a very uniform surface and no preferential adsorbent sites. 

 

 

Figure 2.5. Different types of adsorption isotherms as classified by IUPAC. Reproduced 

with permission from Kumar et al.[20] 
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Type I, II and IV isotherms are the ones usually found in MOF materials. By 

analysing the monolayer adsorption zone (low-pressure zone) the Brunauer-Emmet-

Teller (BET) surface area of the samples can be obtained. This is an extension of the 

Langmuir theory (a theory for monolayer molecular adsorption) to multilayer 

adsorption with the following hypotheses: 

 Gas molecules physically adsorb on a solid in layers infinitely. 

 Gas molecules only interact with adjacent layers. 

 The Langmuir theory can be applied to each layer. 

 The enthalpy of adsorption for the first layer is constant and greater than the 

second (and higher). 

 The enthalpy of adsorption for the second (and higher) layers is the same as the 

enthalpy of liquefaction. 

 

For Chapters 3.1 and 5 of the thesis, CO2 sorption isotherms were measured at 273 

K using a Quantachrome ISorb instrument. Approximately 10-20 mg of the MOF 

particles were degassed at 120 °C in a high vacuum for at least 12 h before the 

measurement. The surface area value was obtained by fitting the adsorption data to a 

linearized form of the Brunauer–Emmett–Teller (BET) equation[21]. For Chapters 3.2 

and 4 of the thesis, the porosity was studied by means of N2 adsorption isotherms at 

77 K using a Quantachrome Autosorb-iQ-MP analyser. The samples were activated 

at 120 ºC for 12 h. The surface area values were obtained by the fittings of the 

adsorption data to the BET equation. 

 

2.2.10. MERCURY INTRUSION POROSIMETRY 

Mercury intrusion porosimetry (MIP) is a powerful technique utilized for the 

evaluation of porosity, pore size distribution, and pore volume (among others) of a 

wide variety of solid and powder macro to mesoporous materials. The instrument, 

known as mercury porosimeter, is a device that is capable of generating suitably high 

pressures, measuring simultaneously both the pressure and volume of mercury taken 

up by a porous material.[22] As pressure is applied, mercury fills the larger pores first. 
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As pressure increases, the filling expands to smaller and smaller pores.[23] MIP is 

capable of analysing a very broad range of pore sizes reaching from 3 nm up to 950 

µm. This covers the macropore region as well as almost the complete region of 

mesopores as well. Both the inter-particle pores (between the individual particles) and 

the intra-particle pores (within the particle itself) can be characterized using this 

technique. Mercury porosimetry is especially useful to determine the macro to 

mesoporosity of polymeric material when processed as porous films or membranes, 

as the PVDF/MOF composites developed within this work. 

To this end, a Quantachrome Instruments Poremaster-60 GT operating in the 

pressure range from vacuum (10-4 MPa) to 414 MPa was used. Samples were degassed 

in situ at 110 ºC for 12 h before the measurement. A contact angle of 140º and surface 

tension of 480 dyn·cm-1 for mercury and a pressure equilibration time of 11 s were 

used. Before the measurement of MIP, the He density for all the samples was 

measured in a Quantachrome Instruments automatic Micro Ultrapycnometer. 

 

2.2.11. THERMOGRAVIMETRIC ANALYSIS 

Thermogravimetric analysis (TGA) is a technique by which the variation of the 

mass of a substance is recorded as a function of time or temperature in a specific 

atmosphere, heating at a controlled rate. The change in mass of the sample as a 

function of the time or the temperature is reflected in a curve called a thermogram or 

thermogravimetric curve, which provides information on the thermal stability and 

composition of the initial sample, as well as on the residue and the volatile products 

that may be generated. The information provided by thermogravimetry is limited to 

the processes that produce a change in the mass of the analysed compound, which are: 

decomposition reactions, oxidations and processes such as vaporization, sublimation 

and desorption. 

In this work, two different pieces of equipment have been used to obtain the TGA 

data. For Chapter 3.1, TGAs were performed under synthetic air (25 mL·min−1) with 

a NETZSCH STA 449F3 DSC–TGA thermo-balance instrument. An alumina crucible 

containing 25 mg of the sample was heated at 5 °C min–1 in the temperature range of 
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30–700 °C. For Chapters 3.2, 4 and 5, TGAs were performed in a Shimadzu thermo-

balance, model DTG‐60, under a dynamic air atmosphere (20 mL·min−1), at a heating 

rate of 5 °C ·min−1 over the temperature range 30 to 800 °C. Both types of equipment 

allow adjusting the heating rate, controlling the measurement atmosphere and 

selecting the temperature program. 

Thermogravimetric analysis has been especially useful in this work, as it can be 

employed to (i) determine the thermal degradation processes, (ii) quantify the linker 

defect degree per formula unit within the MOFs, or (iii) to semi-quantify the 

functionalization degree achieved when solvent assisted linker exchange is applied to 

encode the MOFs. As explained in detail by G. C. Shearer and co-workers,[24] the 

average of the linker-defect positions per formula can be estimated from the weight 

loss associated with the organic linker calcination step. In Chapter 3.1, where the 

impact of the linker defects in the UiO-66-NH2 structure for CrVI adsorption and 

photoreduction is studied, the defect degree of each sample was estimated from the 

weight loss associated with the organic linker calcination step occurring above  

~300 °C[25]. The TGA curves exhibit three important weight loss steps for this 

material. The first one (in the temperature range between 30 to 100 °C) is related to 

the release of the solvent trapped within the porous framework. The second one (from 

100 to 300 °C) is associated with the de-hydroxylation and de-hydration of the Zr-

hexanuclear clusters. Finally, the third step is ascribed to the previously mentioned 

calcination of the organic linkers, which induces the collapse of the crystal 

framework.[26,27] 

Assuming that the complete dehydration of the zirconium hexanuclear clusters of 

the MOFs occurs before the organic linker calcination step (~300 °C), the theoretical 

weight loss associated with the linker release can be calculated based on Equation 2.6. 

𝑍𝑟6𝑂6+𝑥(𝐿𝑖𝑛𝑘𝑒𝑟)6−𝑥 → 𝑍𝑟6𝑂12                                (2.6) 

where x is the defect degree.  

The theoretically calculated data (Table 2.6) can be fitted to a linear equation 

(Figure 2.6b) that has been used to determine the experimental defects per formula 

from experimental weight loss obtained from the thermogravimetric curves. 
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Table 2.6. Theoretical weight loss assigned to the organic linker calcination in UiO-66 and 

UiO-66-NH2 samples calculated for different defect degrees. 

 Defects 

degree 
Formula 

Molecular 

Weight 

Formula 

Weight 

Difference* 

% Diff 

U
iO

-6
6
 

0 Zr6O6.0(BDC)6.0 1628.03 888.69 54.59 

0.5 Zr6O6.5(BDC)5.5 1553.97 814.63 52.42 

1 Zr6O7.0(BDC)5.0 1479.91 740.57 50.04 

1.5 Zr6O7.5(BDC)4.5 1405.85 666.52 47.41 

2 Zr6O8.0(BDC)4.0 1331.79 592.46 44.48 

U
iO

-6
6

-N
H

2
 

 

0 Zr6O6.0(BDC-NH2)6.0 1699.98 960.64 56.51 

0.5 Zr6O6.5(BDC-NH2)5.5 1619.92 880.58 54.36 

1 Zr6O7.0(BDC-NH2)5.0 1539.86 800.52 51.99 

1.5 Zr6O7.5(BDC-NH2)4.5 1459.81 720.47 49.35 

2 Zr6O8.0(BDC-NH2)4.0 1379.76 640.42 46.42 

*The weight difference was calculated taking into account a molecular weight of  

739.34 g·mol-1 for the Zr6O12 residue expected after the calcination. 

 

 

Figure 2.6. (a) Normalized TGA curves from 280 °C for the UiO-66 samples. (b) 

Theoretically calculated weight loss associated with linker defects in UiO-66-R (R = 

-H and NH2) compounds. 
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A similar approach has been followed to calculate the linker defect degree of MOF-

808 in Chapter 4. Calculation of the BTC-linker defects was done by taking into 

account the chemical formula of the dehydroxylated MOF-808 and the molecular 

weights of the dehydroxylated MOF-808 and the ZrO2 residue after the calcination 

(Table 2.7 and Figure 2.7).  

 

 

Figure 2.7. ZrO2 residue percentage depending on the linker defects. 

 

Table 2.7. Molecular weights of the dehydroxylated MOF-808 depending on the defect 

degree. 

Formula at 350ºC Molecular Weight % of ZrO2 residue 

Zr6O9(C9H3O6)2 1105.57 66.9 
Zr6O9.15(C9H3O6)1.9 1087.26 68.0 
Zr6O9.30(C9H3O6)1.8 1068.95 69.2 
Zr6O9.45(C9H3O6)1.7 1050.64 70.4 
Zr6O9.6(C9H3O6)1.6 1032.32 71.6 
Zr6O9.75(C9H3O6)1.5 1014.01 72.9 

 

The experimental weight of the ZrO2 residue when the weight loss data is 

normalized to 100% at 400 ºC (Figure 2.8), allows estimating the linker defect range 

by applying the equation of the fitting obtained in Figure 2.7. 
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Figure 2.8. ZrO2 residue percentage depending on the linker defects. 

 

What is more, in Chapter 4, by taking into account the weight loss observed 

between 150 and 300 ºC, a rough estimation of the amino acid functionalization 

degree of the MOF-808 was obtained. Later on, more accurate data was obtained by 

1H-NMR. 

 

2.2.12. DIFFERENTIAL SCANNING CALORIMETRY 

Differential Scanning Calorimetry (DSC) is a thermal analysis technique that 

allows the study of those processes in which an enthalpy variation occurs. The 

technique usually consists of making a continuous record of the temperature 

difference between the analyzed sample and an inert reference material when both are 

subjected to a controlled temperature program (heating or cooling). When the sample 

undergoes some exothermic or endothermic phenomenon, a temperature variation is 

recorded between the sample (Ts) and the reference (Tr), (ΔT=Ts-Tr). This way, the 

DSC can to provide important information such as the glass transition temperature, 

the melting point, the crystallization temperature, the percentage of crystallinity, the 

specific heat and the thermal stability, among others. 
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DSC analyses of Chapter 5 were performed on Mettler-Toledo DSC 822e under 

heating-cooling-heating cycles from -100 to 200 ºC, down to -100 ºC and finally back 

up to 200 ºC again. Measurements were performed under a N2 atmosphere (flow rate 

50 mL/min) in aluminium pans with a sample weight of approx. 7 to 10 mg. The 

measurements were recorded with heating and cooling rates of 10 ºC·min-1 and 20 

ºC·min-1, respectively. 

 

2.2.13. SCANNING AND TRANSMISSION ELECTRON MICROSCOPIES 

Electron microscopies are based on the use of an electron beam instead of a light 

beam to form an image.[28] In these techniques, a beam of electrons is produced at the 

top of the microscope by an electron gun. The electron beam follows a vertical path 

through the microscope, which is held within a vacuum. The beam travels through 

electromagnetic fields and lenses, which focus the beam down toward the sample. The 

electrons in the beam interact with the sample, producing various signals that can be 

used to obtain information. In scanning electron microscopy (SEM), secondary and 

backscattered electrons are analyzed, while in transmission electron microscopy 

(TEM), scattered electrons transmitted through the sample (usually a thin film or a 

suspension on a grid) are analysed. In addition, these devices usually include an 

energy dispersive X-rays (EDX) detector, which allows analysing the sample 

composition. 

Both techniques have been used to study the morphology and composition of the 

MOFs used in this work as well as the MOF@polymer composites. The transmission 

electron employed has been a Philips Supertwin CM200 TEM, from the SGIker. This 

TEM operates at 200 kV and is equipped with a LaB6 filament and EDAX-DX-4 

microanalysis system. The equipment incorporates a double tilting sample holder, a 

Megaview III rapid acquisition camera, and a high resolution (4k x 4k) and high 

sensitivity digital camera. 

On the other hand, two different scanning electron microscopes have been used: 

For all the MOF particles and PVDF-HFP@MOF membranes, (Chapter 3, 4 and 5.1) 

a HITACHI S-4800 with Field Emission Gun (FEG) cold cathode (0.5-30 kV) from 
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the SGIker was employed. The samples were dispersed in methanol under 

ultrasonication, and afterwards a drop was deposited in the copper sample holder and 

metalized with a gold conductive layer. For the SEM images including EDX mapping 

of Chapter 5.2, a Carl-Zeiss EVO-40 Electronic Scanning Microscopy equipment 

from SGIker was used, whereby both images in high vacuum mode (with 

metallization of the samples) and in extended pressure or low vacuum and wet sample 

mode (without the need to metalize the samples) can be employed. The equipment 

features a secondary electron detector (SIM) and a retro-scattered electron detector, 

together with an EDX elementary analyser, that allows performing both punctual and 

mapping analyses of the samples. 

 

2.2.14. INDUCTIVELY COUPLED PLASMA ATOMIC EMISSION SPECTROSCOPY AND 

INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is a type of 

emission spectroscopy based on the employment of inductively coupled plasma to 

excite atoms and ions which emit electromagnetic radiation at characteristic 

wavelengths of the element. The plasma is a high-temperature source of an ionized 

source gas (often argon) and it is sustained and maintained by inductive coupling from 

cooled electrical coils at megahertz frequencies. The source temperature is in the 

range of 6000 to 10,000 K, and the intensity of the emissions from various 

wavelengths of light is proportional to the concentrations of the elements within the 

sample. 

A Horiba Yobin Yvon Activa atomic emission spectrometer with inductively-

coupled plasma (ICP-AES) from the SGIker was used to quantify different metal 

concentrations during this work. The system is equipped with a glass and Teflon 

nebulizer system, which enables samples from acidic digestion to be determined using 

hydrofluoric acid. The equipment is controlled by a computer with Activa Analyst 5.4 

software. It allows sequential multi-elemental analysis as well as numerous analytical 

requirements to be met due to the large linear interval that characterizes this technique, 

which in turn facilitates the analysis of majority and minority elements. For the 
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adsorption assays, samples were diluted until the detection limits of the equipment, 

performing triplicate measurements for each solution. 

When higher sensitivity was needed (for example, metal adsorption efficiencies in 

natural conditions (1 ppm) in Chapter 4.1), an Agilent 7700 Mass spectrometer with 

inductively-coupled plasma (ICP-MS) from the SGIker was used. In this technique, 

an inductively coupled plasma is used to ionize the sample, but then it is analysed 

through a mass spectrometer. 

 

2.2.15. X-RAY FLUORESCENCE 

X-ray fluorescence (XRF) is based on the emission that occurs in a sample when it 

is irradiated with X-radiation. The most common method uses X-ray tubes to excite 

the samples, which, by absorbing the primary beam, emit their characteristic X-rays. 

This method is one of the most widely used for the qualitative identification of 

elements with atomic numbers greater than 8. It is also often used for semi-

quantitative and quantitative analysis. One of the main advantages of this method is 

that it is not destructive like most elemental analysis techniques. 

Each element has electronic orbitals of characteristic energy. When the sample is 

irradiated with X-radiation, an inner electron can be ejected, and when this happens, 

electrons in higher orbitals can “fall” into the lower orbital to fill the hole left behind 

(Figure 2.9). In this falling, energy is released in the form of a photon, the energy is 

equal to the energy difference between the two orbitals involved. Thus, the material 

emits radiation, which has energy characteristic of the atoms present. 

 

Figure 2.9. Schematic representation of the physics of X-ray fluorescence. 
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The X-ray fluorescence measurements on the compounds included in this thesis 

have been carried out in an FRX AXIOS spectrometer. The samples were 

homogeneously dispersed and slightly pressed between two polymeric films. The 

contribution of the sample holder and of the polymeric films were subtracted from the 

final measurement before the quantification of the samples. 

 

2.2.16. PHOTOCONDUCTIVITY AND MOTT-SCHOTTKY MEASUREMENTS 

The determination of the optical band gap is the first characterization step to 

understanding the optical properties of photocatalysts, information that afterwards 

will aid to adapt the source of illumination (i.e. wavelength equal or below to the 

optical band gap energy) during the photocatalytic experiments. But before to this 

stage, Mott-Schottky and photocurrent experiments give access to understanding the 

nature of the semiconducting process, and its efficiency to separate and transport the 

electron and hole pairs. To this end, the photocatalyst is usually integrated into an 

electron conductive transparent electrode (most usually Indium tin oxide coated glass 

slide). The system is connected in a three-electrode configuration (working electrode, 

Ag/AgCl reference electrode, and Pt counter electrode) while immersed in a liquid 

electrolyte. For n-type semiconductors, Mott-Schottky plots exhibit a positive and 

linear slope which is related to the flat band potential versus the reference electrode. 

The flat band potential of an n-type semiconductor (intercept value at the x-axis) can 

be used to estimate the conduction band (CB) of the semiconductor. By comparing 

the potential of the conduction band, it can be estimated to which extent it is more 

negative than the redox potential for a given reaction, such as the generation of radical 

oxygen species through the oxygen reduction (e.g. O2 ·O2
- −0.13 V vs. Ag/AgCl)[29] 

or the Cr(VI) to Cr(III) transformation (+1.15 V vs. Ag/AgCl).[30] 

Photocurrent experiments are performed with the same three-electrode 

configuration used to measure the Mott- Schottky curves, but instead of scanning the 

variation of the capacitance vs. the potential, the photocurrent response of the material 

in dark and illumination conditions is measured in an open circuit configuration mode. 

The absolute value of the photoconduction (always normalized to the area of the 

working electrode), is related to the capacity of the material to generate excitons and 
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separate their electron and hole components efficiently. In parallel, the profile of every 

single pulse (i.e. dark-illumination-dark cycle) in photocurrent experiments offers also 

information about how fast the material is able to respond to the illumination to 

generate and release the hole/electron pairs. 

In Chapter 3.2, photoconductivity and Mott-Schottky measurements were acquired 

using a Biologic impedance analyser, in a standard three-electrode configuration with 

the sample as the working electrode, Ag/AgCl in 3 M KCl as reference electrode, a Pt 

sheet as the counter electrode, and a 0.2 M Na2SO4 aqueous solution, with a pH of 7, 

as the electrolyte. The samples consist of thin films of the UiO-66-R variants 

deposited on a transparent and conductive F:SnO2 (FTO) coated glass. The samples 

were prepared by spin coating. First, the FTO-coated glass was sequentially cleaned 

by 10 minutes of ultrasonication in hellmanex solution, acetone, isopropanol and 

distilled water separately. The powdered materials were dispersed in methanol up to 

a 10 mg·mL-1 concentration dispersion. 50 µL of each dispersion was spun coated on 

a different FTO coated glass at 1000 rpm for 30 s, delimiting an active area of 1.5 

cm2. For the photoconductivity measurements, the system was maintained under 

short-circuit (0 V vs. Ag/AgCl), and the samples were submitted to illumination – 

dark cycles of 30 s, using a 150 W halogen lamp. Mott-Schottky measurements were 

taken under dark, using a 20 mV AC perturbation at 1000 Hz in a range of voltage 

from -1.0 to 1.0 V vs. Ag/AgCl. The range of voltage where the recombination in the 

depletion region dominates is used to fit the flat band potential. 

 

2.2.17. CYCLIC VOLTAMMETRY  

Cyclic Voltammetry (CV) is a technique of great importance in the field of 

electrochemistry, especially for studies of redox processes, reaction mechanisms or 

electrocatalytic properties. In a CV experiment, a potential is applied to the working 

electrode and ramped linearly versus time, and after the set potential is reached, it is 

ramped in the opposite direction to return to the initial potential. This way, the redox 

process of a substrate can be studied by measuring the received current. What is more, 

it also allows to study electron transfer-initiated chemical reactions, which includes 

catalysis.[31] 
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Cyclic voltammetry has allowed to study the redox capacity of MOFs in Chapter 

4.2. The experiments were carried out at potentials between -900 and +800 mV at a 

scan rate of 50 mV in a 3M KNO3 solution. To this end, active MOF materials were 

deposited at the working electrode just dispersing the 10 mg of the MOF powder in 1 

mL of ethanol. 100 µL of the dispersion were successively deposited drop by drop on 

the working electrode, drying it at 80 ºC between the successive additions of the 

dispersion. In all cases, the open circuit potential (OCP) was determined prior to the 

start of the cyclic voltammetry. The starting potential was then selected within 50 mV 

of the OCP to ensure a near zero starting current. All measurements were carried out 

at room temperature. Cyclic voltammetry experiments were carried out using a 

SPELEC UV-Vis spectroelectrochemistry instrument (Metrohm-Dropsens, ES) 

controlled by DropView SPELEC software (version 3.0), installed on a PC running 

Windows 10. Unless otherwise stated, all spectra reported were collected using the 

reflectance cell, and all potentials are reported versus Ag. Electrodes were discarded 

after a single use. 

 

2.2.18. DIELECTRIC SPECTROSCOPY 

Dielectric spectroscopy (sometimes called impedance spectroscopy) measures the 

dielectric properties of a medium as a function of frequency. It is based on the 

interaction of an external field with the electric dipole moment of the sample, often 

expressed as permittivity. It is a powerful tool for the electrical characterization of 

nonconducting or semiconducting materials in relation to their structure, as it is 

sensitive to dipolar species and localized charges in a material, determining their 

strength, their kinetics and their interactions. 

Dielectric spectroscopy has allowed to study the relaxation dynamics of the chitin 

before and after the insertion of MOF-808 in Chapter 5.2. The spectra were acquired 

using a Palm Sense 4 electrochemical workstation (Netherlands). Measurements were 

carried out in the frequency range 0.01 Hz-1 MHz at room temperature. Glassy carbon 

(diameter: 3mm) and graphite electrodes were employed as the working and the 

counter electrode respectively. CH and CH@MOF-808 hydrogels with a swelled 

thickness of 0.55 mm were used as test pieces. 
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2.2.19. HIGH PERMORMANCE LIQUID CHROMATOGRAFY 

High Performance Liquid Chromatrography (HPLC) is a technique that allows to 

separate a sample into its individual components, thanks to the interactions of the 

sample with the mobile and stationary phases. Indeed, if the components are of 

different polarities, when the mobile phase goes through the column, one component 

will migrate through the column faster than the other. After going through the column, 

the presence of each component is usually monitored by other instrumental analysis 

such as UV-Vis spectroscopy. 

The formation of the reaction byproducts  in Chapter 4.2 was monitored by HPLC 

with an Agilent 1200 chromatographer and a ZORBAX SB-C18 (3.0 mm x 150 mm 

x 3.5 μm) column in reverse phase. Water was employed as the mobile phase. The 

measurements were carried out with a 0.4 mL·min-1 flux rate, column temperature of 

30 ºC and 10 μL injection. A UV-Vis detector at 210 nm was used to monitor the 

byproducts of the reaction. Calibration curves for phenol, catechol and hydroquinone 

molecules were obtained with solutions of 0, 20, 50, 100, 250 and 500 mg·L-1 prepared 

from a parent solution at a concentration of 1g·L-1. The measurements were done by 

triplicate for each of the solutions. 

 

2.3. GENERAL MODELS AND EXPERIMENTAL PROTOCOLS 

In the following, the isotherm and kinetic models applied to fit the experimental 

data of metal-adsorption and photoreduction experiments performed in the Thesis are 

detailed. Finally, the colorimetric protocol applied to quantify the concentration of 

CrVI ions in solution is described as well. 

 

2.3.1. ISOTHERM MODELS 

The Langmuir (Equation 2.7) and Freundlich (Equation 2.8) models, have been the 

two theoretical approximations applied to fit the experimental metal-ions adsorption 

isotherms.[32,33] 

Langmuir model is defined as,  
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𝑞𝑒 =  𝑞𝑚𝐾𝐿
𝐶𝑒

1+𝐾𝐿𝐶𝑒
     (2.7) 

where 𝑞𝑒 is the adsorption capacity (mg·g-1) at equilibrium conditions, 𝑞𝑚 is the 

maximum adsorption capacity, 𝐶𝑒 is the equilibrium concentration and 𝐾𝐿 is the 

Langmuir constant. 

Freundlich model is described as, 

𝑞𝑒 =  𝐾𝐹𝐶𝑒
1/𝑛    (2.8) 

where 𝑞𝑒 is the adsorption capacity at equilibrium conditions, 𝑞𝑚 is the maximum 

adsorption capacity, 𝐶𝑒 is the equilibrium concentration and 𝐾F and n are constants for 

a given adsorbate and adsorbent at a particular temperature. 

 

2.3.2. KINETIC MODELS 

Metal ion adsorption tests 

Bangham (Equation 2.9)[34], Pseudo-first order (Equation 2.10)[35], Pseudo-second 

order (Equation 2.12)[35] and Elovich (Equation 2.14)[36] models described below were 

employed to fit the metal-ions adsorption kinetic curves of this work. 

 

Bangham kinetic model is defined as: 

𝑞𝑡 = 𝑘𝑡 · 𝑡1/𝑚                                                 (2.9) 

where 𝑞𝑡 is the amount of adsorbate adsorbed at a time t, 1/m provides an idea of the 

kinetics order of the system and 𝑘𝑡 is the constant rate of the adsorption process.  

 

Pseudo-first order kinetic model is defined as: 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)                                                (2.10) 

This equation can also be displayed in a linearized form, shown in Equation 2.11. 

ln(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                                       (2.11) 
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where 𝑘1 is the pseudo-first order constant rate, 𝑞𝑡 is the amount of adsorbate adsorbed 

at a time t and 𝑞𝑒 the equilibrium adsorption capacity. 

 

Pseudo-second order kinetic model is defined as 

𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
                                                    (2.12) 

This equation can also be displayed in a linear form (Equation 2.13). 

𝑡

𝑞𝑡
=

1

𝑞𝑒
2𝑘2

+
𝑡

𝑞𝑒
                                                 (2.13) 

where 𝑘2 is the pseudo-second order constant rate, 𝑞𝑡 is the amount of adsorbate 

adsorbed at a time t and 𝑞𝑒 the equilibrium adsorption capacity.  

 

Elovicth model is defined as 

𝑞𝑡 = (
1

𝛽
) ln(𝛼𝛽) + (

1

𝛽
) 𝑙𝑛𝑡                                  (2.14) 

where 𝑞𝑡 is the adsorption capacity at a certain time, α is the initial adsorption rate and 

β the Elovich constant. 

 

Photocatalysis experiments 

Langmuir-Hinshelwood model (Equation 2.15)[37] has been used to fit the 

photocatalysis experiments in Chapter 3. This equation is commonly used to describe 

surface catalysed reactions. 

𝐿𝑛 (
𝐶

𝐶0
) = −𝑘𝑡                                             (2.15) 

where 𝑘 is the constant of reaction rate, C the ion concentration and C0 the initial ion 

concentration. 
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Continuous flux columns 

Thomas model (Equation 2.16)[38,39] has been used to fit the data obtained in the 

continuous flux CrVI adsorption in a column in Chapter 3, and the continuous flux 

metal separation in a column in Chapter 4. Mathematical models such as Thomas are 

used to describe the dynamic behaviour of the pollutants captured in a fixed-bed 

column assuming negligible external and internal diffusion limitations. 

𝐶𝑡

𝐶𝑜
=

1

1+exp[
𝑘𝑇ℎ𝑞0𝑚

𝑄
−𝑘𝑇ℎ𝐶0𝑡]

                                (2.16) 

where q0 is the equilibrium adsorption capacity, C0 and Ct are the original and instant 

ion concentration, kTh is the Thomas constant rate, m is the mass of the adsorbent and 

Q is the flow rate. 

 

Catalytic Wet Peroxide Oxidation (CWPO) 

First order kinetic model (Equation 2.17) has been used to fit the data of the Catalytic 

Wet Peroxide Oxidation in Chapter 4.2, and is described as: 

ln 𝑞𝑡 = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                                          (2.17) 

where qt is the capacity at a certain moment, qe the equilibrium capacity, and k1 the 

first-order rate constant. 

 

Michaelis-Menten fit (Equation 2.18) has been used to fit the CWPO performed at 

different concentrations, and is described as: 

𝑉0 = 𝑉𝑚𝑎𝑥
[𝑆]

𝐾𝑀+[𝑆]
                                             (2.18) 

where V0 is the apparent initial catalytic rate, KM is the apparent Michaelis-Menten 

constant, Vmax is the maximum apparent initial reaction rate and [S] is the substrate 

concentration. 
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2.3.3. COLORIMETRIC METHOD FOR CrVI DETERMINATION 

Quantification of CrVI was performed inspired by the previously reported  

1,5-Diphenylcarbazide colorimetric methodology.[40,41] First, a highly concentrated  

CrVI stock solution was prepared with distilled water. Several solutions of  

lower concentrations were prepared to obtain the calibration curve. The  

1,5-diphenylcarbazide protocol was applied to each of the solutions to obtain a linear 

correlation of the CrVI concentration and the absorbance value at λmax = 540 nm. To 

this end, 10 µL H2SO4 10% (v/v) and 100 µL of a 1,5-diphenylcarbazide solution (5 

mg·mL-1 in acetone) were added to 5 mL of the chromium solution. The mixture was 

stirred for 10 minutes and then the absorbance was measured at 540 nm. Once the 

calibration curve was obtained, the 1,5-diphenylcarbazide protocol is applied to the 

solutions generated during the photocatalysis experiments. Once the absorbance of 

the solutions at 540 nm was recorded, their CrVI concentration can be obtained from 

the previously obtained calibration curve. The overall chromium concentration (CrIII 

+ CrVI) was determined as well by the 1,5-diphenylcarbacide protocol but with an 

additional oxidative step for the samples’ preparation. CrIII was oxidized to CrVI by 

adding 500 µL of a 1 N H2SO4 solution and 250 µL of a KMnO4 solution (1.6 M 

KMnO4 in H2SO4 1 N) to a 5 mL of the chromium solution. The mixture was heated 

at 100 °C for 20 min and then cool down to room temperature in a water bath. 

Afterwards, 50 µL of a NaN3 solution (0.05 g NaN3 in 1.25 mL of water) was added 

to the mixture until the purple colour of the potassium permanganate disappears from 

the solution. Finally, the 1,5-diphenylcarbazide colorimetric methodology was used 

to quantify the chromium content. The CrIII concentration was calculated by 

subtracting the CrVI concentration from the overall chromium concentration of the 

solutions. 
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Chapter 3  
MOFs as photoreductive materials for CrVI 

remediation in wastewater 
 

Among the heavy metal ions, hexavalent chromium (CrVI) is particularly dangerous 

due to its carcinogenicity, teratogenicity, and acute toxicity,[1–3] but in parallel, it plays 

a pivotal role in metal plating, metallurgy, tanning and textile industries,[4] causing 

substantial industrial water pollution worldwide. CrVI is typically found in water 

media in the form of chromate oxyanions (such as (HxCrO4)2-x or Cr2O7
2-). With a net 

negative charge, high solubility and mobility, hexavalent chromium is difficult to 

remove from water media if it is not reduced to its less soluble and toxic trivalent 

form.[2,5] 

Several technologies, including precipitation-coagulation, ion exchange[6], 

membrane separation[7] or adsorption[8] are currently applied to remove CrVI from 

waste and industrial water effluents. Unfortunately, except adsorption, most of the 

processes are energy intensive (e.g. membrane separation[9]) or require the addition of 

co-chemicals/products to achieve an efficient chromium removal (e.g. coagulation, 

chemical reduction). Therefore, in the last decades, photocatalytic reduction of CrVI 

to the less toxic and mobile CrIII has gained a great deal of attention due to its 

effectiveness, low-cost, no addition of co-reagents, and absence of generation of 

secondary hazardous chemicals[10–12]. However, the scientific community has paid less 

attention to assess whether the photocatalysts are able to immobilize or adsorb  

the trivalent chromium cations[13] at the same time that hexavalent species are  

photoreduced.[14,15]  

When approaching water remediation from a circular economy point of view, the 

conjunction of photocatalysis and adsorption functionalities in the same material is of 

paramount importance. For instance, as shown in the Pourbaix diagram of Figure 3.1, 

above a critical pH threshold, the photoreduced CrIII ions usually precipitate as 

Cr(OH)3 solid, making it easy to recover after operation.[2,16,17] Nonetheless, under this 

critical pH frontier, the CrIII species generated during the CrVI photoreduction remain 
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soluble.[18] At these acidic solutions, an additional immobilization step is necessary to 

extract CrIII ions from the aqueous media. Here, the importance of bifunctional 

photocatalysts that are able to transform and retain chromium species is revealed, 

since they open the possibility to couple environmental detoxification of polluted 

water sources (photocatalysis) to the recovery of critical raw elements such as 

chromium (adsorption).[1] 

  

Figure 3.1. Pourbaix diagram of Cr. Reproduced from Denis Zihilin. Copyright CC 

BY-SA 3.0 License: https://creativecommons.org/licenses/by-sa/3.0/legalcode 

 

It is important to note that chromium is currently located at the borderline of the 

European raw materials map because of its economic importance.[19,20] Indeed, the 

circular water remediation concept gains even more relevance if it is applied in highly 

concentrated and acidic water effluents arising from industrial (e.g., plating, alloying, 

tanning, textile dyes, pigments…) and mining activities (e.g., acidic water streams)[21]. 

Chromium recovery from these media becomes economically appealing to reduce the 

costs associated with the water treatment.[22] The challenge to manage acid rising 

waters derived from industrial platting or tanning activities is even more challenging 

https://creativecommons.org/licenses/by-sa/3.0
https://creativecommons.org/licenses/by-sa/3.0
https://creativecommons.org/licenses/by-sa/3.0/legalcode
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than the revalorization of exhausted electrolytic baths or highly concentrated solutions 

applied in industrial manufacturing processes. In this case, chromium is highly diluted 

in large volumes of water, and its recovery by the technologies usually applied to 

concentrated industrial solutions (e.g., as liquid-liquid extraction, ion exchange and/or 

electrochemical separation[23] or precipitation, acid leaching, and subsequent 

precipitation[24]) is neither efficient nor economically appealing to revalorize the 

chromium ions. Diluted hexavalent chromium solutions require high-cost chemicals 

for their reduction to CrIII until the legal thresholds for CrVI (groundwater = 0.1 ppm, 

drinking water = 0.05 ppm)[8] are accomplished. This scenario is where bifunctional 

photocatalyst sorbents could play a key role to couple the water treatment with the 

chromium recovery. 

At the materials design level, a bi-functional photocatalyst applied for 

chromium recovery needs to be specifically tailored to (i) harvest light, (ii) induce 

hole-electron pairs separation, (iii) transport them avoiding their recombination, and 

(iv) generate reactive oxygen radicals. At the same time, these bi-functional materials 

need to (v) adsorb the chemical species transformed during photocatalysis, which in 

the specific case studied in this chapter are the CrIII ions, but also the CrV pentavalent 

transient species generated during the CrVI to CrIII photoreduction. Therefore, efficient 

light harvesting[25], semiconducting nature[26], porosity[27–29], and chemical affinity to 

capture the transformed species are some of the key characteristics that need to be 

specifically encoded within the desired bi-functional catalyst.[30] 

Classic metal-oxide photocatalysts exhibit excellent photodegradation 

activities over a variety of pollutants, but their capacity to adsorb or retain the 

photodegradation intermediates and products is limited by their reduced porosity and 

surface areas [31–34]. In this context, Metal-Organic Frameworks (MOFs) stand out as 

highly porous materials able to meet photoactivity and porosity. MOFs can be formed 

from semiconductor metal-oxide clusters, and efficient light-harvesting organic 

linkers; which are assembled in extended and ordered porous structures.[35,36] The 

combination of these two characteristics, together with the possibility to further 

decorate or engineer their structures, both pre and post-synthetically, make MOFs the 

ideal candidates to combine photoreduction and adsorption properties.[37–40]  
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3.1. BI-FUNCTIONAL PHOTOCATALYSTS: ARCHETYPICAL  

Zr-TEREPHTHALATE AND Ti-TEREPHTHALATE MOFs 

Metal-Organic Frameworks have been widely applied for chromium 

adsorption, photoreduction and detection purposes,[5,8,16,41] but their combined 

capacity to photoreduce and at the same time adsorb the phototransformed trivalent 

chromium ions has been rarely explored.[4] In the last years, the photocatalytic activity 

of UiO-66-NH2 and MIL-125 to transform CrVI to CrIII has been proved under varied 

experimental conditions (e.g. chromate concentration, photocatalyst loading, source 

of illumination, pH of the media, presence of competitor species, electron and holes 

scavengers...). In parallel, several studies point out that UiO-66-NH2 is able to sorb 

quite efficiently both hexavalent and trivalent species from solution, exhibiting also a 

moderate capacity to chemically reduce the CrVI to CrIII under dark conditions.[42,43] 

What is more, the chromium speciation within the Zr-MOF sorbents and 

photocatalysts has been successfully determined in a previous research by our group 

by applying a combination of UV-Vis and electron paramagnetic resonance (EPR) 

spectroscopies.[3] These findings confirmed that CrVI to CrIII chemical and 

photoreduction processes are driven by the intermediate generation of transient 

pentavalent chromium, that later on are stabilized upon further reduction as trivalent 

isolated or clustered ions inside UiO-66-based materials.[3] Nevertheless, this research 

did not unravel the fate of trivalent chromium phototransformed species in solution, 

that is, whether CrIII is stabilized into the MOF porous photocatalysts or if it migrates 

to the aqueous surrounding media, especially when the experiments are carried out at 

acidic conditions where CrIII ions are soluble. This experimental gap, that is, the lack 

of monitoring of the concentration of hexavalent and trivalent chromium in solution 

during photocatalysis, is common for most of the investigations carried out in CrVI to 

CrIII photoreduction experiments. Most typically, during photocatalysis, the 

concentration of the hexavalent chromium is experimentally determined by UV-Vis 

or Inductively Coupled Plasma (ICP) analysis, overriding the monitoring of the 

trivalent chromium ions that could be still present in the solution after the 

photoreduction. In this work, we have fulfilled this gap, researching whether the 

photoactive MOFs can also act as efficient sorbents of the photoreduced CrIII ions. 
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The photoreduction and adsorptive capacities of two iconic photoactive water-stable 

zirconium and titanium-based MOFs, UiO-66 and MIL-125, have been addressed. For 

both materials, the experimental monitoring of CrVI and CrIII in solution during and 

after the operation has been determined. Going a step forward, photoactive 

chromatographic columns based on UiO-66-NH2 have been assembled to perform 

CrVI adsorption in a continuous flux mode. Our conclusions clearly point out that the 

studied bifunctional MOFs are able to completely photoreduce CrVI to CrIII and at the 

same time partially immobilize reduced CrIII species. 

 

3.1.1. EXPERIMENTAL PROCEDURE 

Synthesis of Materials 

UiO-66, UiO-66-NH2, and UiO-66-NH2-def (-def stands for the linker defective 

sample) were prepared through a slightly modified solvothermal synthesis previously 

reported by Øien et al.[44] First, zirconium chloride (ZrCl4, 0.5418 g) was dissolved in 

60 mL of dimethylformamide (DMF) under stirring in a Pyrex® autoclave. 

Afterwards, terephthalic acid (BDC, 0.3801 g) or aminoterephthalic acid (BDC-NH2, 

0.4185 g) and distilled water (1.5 mL) were added to the ZrCl4 solution under 

continuous stirring in order to obtain the UiO-66 and UiO-66-NH2 samples. The 

synthesis of the UiO-66-NH2-def sample requires the addition of 1 mL of HCl (37%) 

solution to the ZrCl4, BDC-NH2 acid and DMF mixture. Once a clear solution is 

obtained, the Pyrex® reactor was closed and placed in a preheated oven (80 °C for  

24 h). After that, the sample was recovered by centrifugation and washed three times 

with methanol. Finally, the compound was dried at 80 °C for 12 h. 

MIL-125 samples were prepared through two different synthesis methods. First, 

MIL125-R was synthetized by reflux adapting the protocol described by Wang et 

al.[45] BDC (7.70 g) was dissolved in 100 mL of DMF under reflux and continuous 

stirring at 100 °C for 1 h. Then, 28 mL of methanol was added to the solution and 

further stirred for 1 h. Afterwards, 8.4 mL of Titanium isopropoxide (Ti(iPrO)4) was 

added drop by drop to prevent the formation of agglomerates. The reaction was 

refluxed for three days, recovered by centrifugation, and thoroughly washed with 
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DMF (100 mL, three times) and methanol (100 mL, three times) over the period of 

three days to remove the non-reacted reagents. Finally, it was dried at 80°C during 

one day. On the other hand, MIL-125-H was synthetized by a hydrothermal protocol 

described by Dan-Hardi et al.[46] First 0.5 g of BDC and 0.6 mL of Ti(iPrO)4 were 

introduced in a solution of DMF (9 mL) and methanol (1 mL). The mixture was stirred 

for 5 minutes and then introduced into a 40 mL Teflon® Lined autoclave reactor. The 

Teflon® container was introduced into a metallic PAAR digestion bomb at 150ºC for 

15 hours. After the system was cooled at room conditions, the solid was recovered by 

filtration, washed twice with acetone and dried under air at room temperature. All the 

materials were finally activated at 200 °C overnight for 12 hours. 

 

Adsorption Kinetics 

CrVI and CrIII adsorption kinetics were conducted in the same conditions as those 

of the photoreduction experiments described in the following section (5 ppm CrVI or 

CrIII solution, 0.25 g·L-1 of adsorbent) but in the absence of light. 5 mL aliquots were 

taken from the solution at different time intervals until adsorption equilibrium was 

reached. The liquid samples were filtrated with a hydrophilic 0.20 µm filter, acidified 

for its stabilization, and finally analysed by means of ICP-AES (see section 2.2.10). 

The adsorption capacity of the materials at different equilibrium times was calculated 

considering the initial and equilibrium concentrations of chromium, the volume of the 

solution, and the mass of the sorbent material. The data was plotted as adsorption 

capacity (mg Cr adsorbed per grams of sorbent) versus the equilibrium time. The 

kinetic curves were fitted to Bangham (Equation 2.8) and Pseudo-second order 

(Equation 2.11) kinetic models.[47,48] 

 

Photocatalytic Reduction of CrVI to CrIII 

Photocatalysis experiments were conducted in a 5 ppm CrVI solution using 0.25 

g·L-1 photocatalyst loading illuminated under UV and Vis light sources. First, 50 mg 

of the photocatalyst was immersed in 200 mL of CrVI 5 ppm solution under stirring in 

the dark. Once the adsorption equilibrium was achieved, 5 mL aliquots were taken at 
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different times under illumination conditions. The experiments were performed in a 

LuzChem LZC-4V photoreactor equipped with 14 lamps emitting in the ultraviolet 

range. Additional experiments were performed using visible lamps and also reducing 

the catalyst’s loading down to a concentration of 0.35 g·L-1. 

The quantification of CrVI was performed inspired on the previously reported 

diphenyl carbazide colorimetric methodology,[49,50] which can be found in section 

2.3.3. Photoreduction processes were fitted with the Langmuir-Hinshelwood model 

(Equation 2.13).[51]  

 

Continuous Flux Adsorption Experiments 

Open chromatographic columns of 1% weight of UiO-66-NH2 (0.0125 g) in sand 

(1.25 g) were assembled as illustrated in Figure 3.2. A continuous flux of 1 mL·min-1 

of a chromium solution of 2.5 ppm concentration was passed through the column, and 

the CrVI concentration was monitored during the process. A similar experiment was 

conducted with 2.5, 30 and 50 ppm chromium solutions but configuring the system to 

work in a closed loop. The chromium concentration was monitored until the MOF has 

reached its saturation point, that is, when the concentration of the input and output 

solutions is equal when the system is run in an open configuration, or, at the moment 

that the CrVI concentration is stabilized when the experiment is carried out in a closed 

loop. 

 

Figure 3.2. Image of the UiO-66-NH2/sand column experiment in closed circuit mode. 
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3.1.2. RESULTS AND DISCUSSION 

Metal-Organic Framework Selection, Synthesis and Characterization 

Among the MOFs that could potentially exhibit bi-functional photocatalytic and 

adsorption activities, zirconium aminoterephthalate (UiO-66-NH2) and titanium 

terephthalate (MIL-125) compounds have been selected as benchmark materials to 

conduct this section. As explained in detail in the introduction, both MOFs exhibit a 

fcu topology arising from the connectivity between the inorganic hexanuclear clusters 

through twelve terephthalate-type organic linkers.[46,52] In the specific case of  

UiO-66-NH2, it exhibits a cubic symmetry; which is slightly distorted to a pseudo-

cubic orthorhombic group for the MIL-125 material. 

Further, the effect on the photocatalytic and adsorptive properties of (i) the particle 

size of MIL-125 material and (ii) the organic linker defect density of UiO-66-NH2 

have been studied. MIL-125 has been synthesized as micron-size particles applying 

hydrothermal synthesis (here and after denoted as MIL-125-H) and as nanoparticles 

(100-400 nm) under reflux conditions (here and after identified as MIL-125-R). 

Despite the bulk to surface proton-coupled transfer has been confirmed to be highly 

independent of the particle size for MIL-125[53], the CrVI to CrIII photoreduction 

kinetics are greatly affected by this parameter. In parallel, the density of the organic 

linker defects in UiO-66-NH2 has been modulated by the addition of hydrochloric acid 

inorganic modulator to the reaction media. It is duly proved that acid modulators 

induce a random displacement of aminoterephthalate organic linkers along the fcu 

crystal structure of UiO-66 type frameworks.[37,54,55] Two are the side-effects of 

increasing the density of linker defects on the UiO-66-NH2 properties: first, an 

increase of the overall surface area and pore volume, and second; the generation of 

preferential chemisorption positions for inorganic oxyanions.[56–58] Therefore, “defect-

free” UiO-66-NH2 and linker defective UiO-66-NH2-def materials were synthesized 

at the same hydrothermal conditions but adding a controlled volume of HCl in the 

specific case of the defective sample. 

Once synthesized, the quality, particle size, porosity and optical properties of the 

materials were fully characterized by X-ray diffraction, UV-Vis spectroscopy, 
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thermogravimetric analysis, transmission electron microscopy and surface area 

measurements. 

The X-ray diffraction (XRD) patterns of the samples were analysed by a full profile 

pattern fitting, which confirms that the experimental data are fully consistent with the 

cell parameters and the symmetry of UiO-66[44] and MIL-125[46], as can be observed 

in Figure 3.3.  

 

Figure 3.3. Powder X-ray diffraction profile matching analysis of: (a) MIL125-R, (b) 

MIL125-H, (c) UiO-66, (d) UiO-66-NH2 and (e) UiO-66-NH2-def samples. 
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The final results obtained from the XRD fittings confirmed that there are no 

meaningful displacements of the cell parameters due to the generation of linker defects 

in UiO-66-NH2-def, neither associated to the particle size reduction from MIL-125-H 

to MIL-125-R (Table 3.1). 

Table 3.1. Cell parameters obtained from the full profile analysis of the XRD patterns of the 

different MOF samples. 

Sample a parameter (Å) c parameter (Å) 

UiO-66 20.671 ± 0.001 --- 

UiO-66-NH2 20.693 ± 0.002 --- 

UiO-66-NH2-def 20.698 ± 0.001 --- 

MIL125-H 18.649 ± 0.003 18.136 ± 0.002 

MIL125-R 18.668 ± 0.002 18.156 ± 0.003 

 

XRD patterns (Figure 3.4a) show a significant increase of the peak width in the 

specific case of the samples with smaller particle size, ascribed to the reduction of the 

crystalline domains as a consequence of the synthesis conditions. This experimental 

evidence is confirmed by the micrographs obtained by means of transmission electron 

microscopy, shown in Figure 3.4e. Indeed, for zirconium aminoterephthalate 

compounds, the addition of the HCl inorganic modulator induces an increase of the 

crystal size from 10-20 nm in non-defective UiO-66-NH2 to 50-100 nm in UiO-66-

NH2 defective samples. A similar particle size dependence on the crystallization 

conditions is found for titanium terephthalate compounds. MIL-125-H, which was 

synthesized at 150 °C under hydrothermal conditions, exhibits micron-size particles, 

whilst MIL-125-R, which was obtained from reflux conditions, crystallizes as 

spherical particles with diameters ranging from 100 to 400 nm. 



MOFs as photoreductive materials for CrVI remediation in wastewater 

 
117 

 

 

 

Figure 3.4. Characterization of the MOF samples: (a) XRD patterns, (b) UV-Vis spectra, 

(c) CO2 adsorption isotherms (d) TGA curves and (e) TEM images. 
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Light-harvesting capacity of the materials was studied by means of solid UV-Vis 

spectroscopy (Figure 3.4b). The UV-Vis spectra point that both UiO-66 and MIL-125 

materials adsorb in the UV range, with optical band gaps of 3.84 eV for UiO-66, and 

3.31 and 3.09 eV for MIL-125-H and MIL-125-R samples. UV-Vis spectrum of  

UiO-66-NH2 exhibits two additional absorption bands ascribed to the visible light 

harvesting capacity of aminoterephthalic organic linkers, whilst maintains a UV-light 

absorption similar to the one of the UiO-66 material, which is ascribed to  

the zirconium inorganic clusters. As expected, the presence of linker  

defects in UiO-66-NH2-def induces a shift of the spectrum to blue wavelengths  

(UiO-66-NH2 = 2.76 eV, UiO-66-NH2-def = 2.82 eV). Similarly, the different 

synthesis conditions of MIL-125-H and MIL-125-R also induces a slight red shift to 

the charge-transfer absorption band associated to the titanium oxo-nuclear clusters. 

The surface area and pore size distribution were determined from CO2 adsorption 

isotherms at 273 K (Figure 3.4c). The Brunauer-Emmett-Teller (BET) surface area 

was calculated from the fitting of the linearized form of BET equation. The  

obtained surface areas and microporous distribution (UiO-66 = 906 m2·g-1,  

UiO-66-NH2 = 894 m2·g-1, UiO-66-NH2-def = 600 m2·g-1, MIL-125-H = 872 m2·g-1, 

MIL-125-R = 1346 m2·g-1) are in good agreement with previous reports.[59,60] 

Thermogravimetric analysis shown in Figure 3.4d allowed quantifying the linker 

defect degree of UiO-66 materials by applying the protocol described by  

Shearer et al.,[55] which can be found in section 2.2.5. In the specific case of the  

UiO-66-NH2 and UiO-66-NH2-def samples, 0.6 and 2.2 positions, over the twelve 

carboxyl groups per inorganic clusters present in the ideal structure, are vacant. The 

TGA curves of MIL-125-H and MIL-125-R compounds show two main weight loss 

processes associated to: (i) the release of water molecules entrapped within the pores 

(RT-100 °C) and (ii) the calcination of the aminoterephthalate linkers (350–480 °C). 

The weight percentage associated to the calcination of the organic linkers fits well 

with an ideal structure free of linker defects, independently on the synthesis route 

applied to obtain the material. 

According to that initial characterization, there would be an expected improved 

photoreduction efficiency for the samples with lower particle size as a result of the 
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shorter migration path to the surface of the electron–hole pairs, which will lead to a 

more efficient generation of the reactive species that trigger the photoreduction. 

However, other parameters need to be considered in parallel. The light-harvesting 

capacity is also a key indicator of the photocatalytic efficiency dependence on the 

radiation wavelength (e.g., UV, visible…) of our materials. Finally, linker 

functionalities of MOFs, such as amine groups, also favour the electron transfer along 

the framework while improving the chromium adsorption capacity. 

 

Adsorption kinetics of CrVI and CrIII Ions 

First, adsorption affinity of the samples over CrVI and CrIII species was assessed by 

the evaluation of their adsorption kinetics at acidic conditions (pH = 3.5) (Figure 3.5). 

As expected from previous works,[3,41] Zr-based UiO-66-NH2 materials show fast 

kinetics and efficiencies over 90 % to capture both hexavalent and trivalent chromium 

species. For hexavalent chromium, the equilibrium is reached within the first 15 min 

of the experiment. In agreement with previous works[3], linker defective  

UiO-66-NH2-def shows higher chromate adsorption capacity than the non-defective 

UiO-66-NH2 (Figure 3.5a). It is duly proved that linker defective positions in  

Zr-MOFs act as preferential adsorption points for anionic inorganic and organic 

species. For instance, hexavalent chromium is stabilized in a wide range of pH values 

as dichromate or hydrogen dichromate oxyanions.[61,62] On the contrary, MIL-125 

materials show a negligible adsorption affinity over negative chromate anions, as 

expected because of the lack of defective linker positions of titanium terephthalate 

frameworks (Figure 3.5a). 
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Figure 3.5. (a) CrVI and (b) CrIII adsorption kinetics for UiO-66, UiO-66-NH2, UiO-66-

NH2-def, MIL-125-R and MIL-125-H. Points: experimental data. Line: Bangham model 

fitting. Adsorbent concentration 0.25 mg·mL-1, Ci=5 ppm. 

 

Zr-UiO-66-NH2 and MIL-125 compounds also exhibit adsorption affinity over 

trivalent chromium (Figure 3.5b), with adsorption capacities ranging from 8 to 15 

mg·g-1 for a 5 ppm solution. It is also worthwhile to notice the great impact that the 

particle size reduction has on the CrIII adsorption capacity of MIL-125 type materials, 

since nanosized MIL-125-R overperform the adsorbing capacity of its micron-size 

MIL-125-H homologue. Opposite, UiO-66-NH2-def materials have larger particles 

size than that of the non-defective homologue, but their CrVI absorption capacity 

overperform that of the UiO-66-NH2 materials. In this case, the CrVI adsorption 

process is driven by the inner linker defects density instead of surface defects induced 

by the particle size reduction. In comparison to hexavalent chromate, CrIII adsorption 

kinetics are slower, with equilibrium times above one hour. The time dependence of 

CrVI and CrIII adsorption is well fitted by Bangham and pseudo-second order models, 

while the pseudo-first-order model fails to reproduce the tendency above 60 min of 

adsorption, indicating that CrVI and CrIII immobilization is not solely governed by 

diffusion processes, but also by chemisorption process into the MOF structure.  
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Bifunctional Photocatalytic Reduction of CrVI to CrIII and adsorption of Cr 

ions 

Once the capacity of the different MOFs to adsorb CrIII and CrVI species has been 

assessed, their CrVI to CrIII photocatalytic reduction efficiency was investigated. Thus, 

photoreduction curves were first measured under UV light in a 5 ppm CrVI solution 

and at a sorbent loading of 0.25 g·L-1 (Figure 3.6). The first adsorption stage in dark 

conditions reveals that UiO-66-NH2 type materials are able to capture more efficiently 

CrVI ions than the MIL-125 family, in good agreement with the CrVI adsorption 

kinetics presented above. 

 

Figure 3.6. (a-b) Adsorption and photocatalytic reduction of CrVI in the different MOF 

samples under UV light: (a) Detail of the CrVI and (b) CrIII concentration evolutions. (c) 

Fitting of the photoreduction kinetics with Langmuir-Hinshelwood model. (d) Summary of 

CrVI adsorbed at the MOF at dark conditions, the total amount of CrVI photoreduced to CrIII, 

the amount of photoreduced CrIII adsorbed at the MOF, and the photoreduction rate of the 

studied materials. 
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Nonetheless, a different trend is observed upon illumination, where MIL-125-R 

exhibits the most efficient photoreduction response and kinetic rate compared to UiO-

66 materials (Figure 3.6c-d), which can be ascribed to its adsorption efficiency in the 

UV range. On the contrary, the photoreduction capacity of MIL-125-H is appreciably 

slower. Even if the light-harvesting capacity is quite similar for both MIL125-R and 

MIL-125-H variants (Figure 3.6b), the shorter migration path of the electron-hole 

pairs to the surface of MIL-125-R nanoparticles due to the smaller particle size, can 

aid to reduce their recombination, and consequently, to enhance the photoconduction 

and the generation of the reactive species that trigger the photoreduction process. 

In addition to the good photoreduction kinetics of MIL-125 materials, they also 

exhibit significant CrIII adsorption capacities. The CrIII concentration after the 

photoreduction process with MIL-125-R and MIL-125-H is quite low (<0.5 ppm), but 

it is still higher than the observed for UiO-66-NH2 materials (<0.1 ppm). Thus, in 

terms of photoreduction capacity coupled to the CrIII recovery, UiO-66 materials show 

the best combined performance. In addition to a high CrVI initial adsorption capacity, 

UiO-66-NH2 materials exhibit interesting kinetics for CrVI to CrIII photoreduction, 

combined with a negligible release of the photogenerated CrIII, due to their high 

adsorption capacity toward this cationic specie. 

The conclusions drawn by the photocatalytic experiments opens relevant questions 

to properly understand the underlying processes that governs the photocatalytic and 

adsorptive dual function of the studied materials. In particular, it is important to 

address how the materials work under visible light illumination with the aim of 

evaluating their possible performance under solar light. In addition, the initial CrVI 

concentration, just before the illumination, is another key parameter to be explored in 

order to assess its impact on the photoreduction kinetics of the studied frameworks. 

In order to gain further insights regarding the above-mentioned questions, UiO-66-

type materials have been selected to continue the investigation. First, their 

photocatalytic capacity under visible light has been investigated. In order to enhance 

the photoreduction kinetics under visible light, the charge of the photocatalyst has 



MOFs as photoreductive materials for CrVI remediation in wastewater 

 
123 

 

 

been increased from the 0.25 g·L-1 used in the previous experiments to 0.35 g·L-1. All 

the results are shown in Figure 3.7. 

 

Figure 3.7. Photocatalytic reduction of CrVI in the UiO-66 samples under visible light at a 

sorbent concentration of 0.35 g·L-1 (an initial adsorption stage in dark conditions until 

equilibrium was performed before illumination in all the experiments). (a) Photocatalysis 

performed with the same initial CrVI concentration and (b) the fitting of the photoreduction 

kinetics with Langmuir-Hinshelwood model. (c) Starting from different CrVI concentrations 

to reach the same CrVI content in the solution after finalizing the adsorption in dark 

conditions and (d) fitting of the photoreduction kinetics with Langmuir-Hinshelwood 

model. 

 

The increase on the MOF’s photocatalysts loading generates a higher CrVI retention 

during the adsorption step in dark conditions, being the most efficient adsorbent of 

the UiO-66-NH2-def material, followed by UiO-66 and UiO-66-NH2 variants. 

Regarding the photocatalytic process in visible light, the amine functionalities play 

again an important role in the chromium photoreduction kinetics due to the more 

efficient light harvesting capacity of UiO-66-NH2 in comparison to UiO-66. UiO-66-



Chapter 3 

 
124 

 

 

NH2 variants exhibit higher efficiencies and faster kinetics (Figure 3.7a-b) than  

UiO-66, achieving 100% (UiO-66-NH2-def) and 60% (UiO-66-NH2) of the CrVI 

photoreduction in about 1 h. This indicates the feasibility of applying these 

photocatalysts under solar irradiation. Regarding CrIII, a small increase in the 

concentration of this species is observed in the solution during the photoreduction 

process, but it is still very low for UiO-66 and UiO-66-NH2  

(≈0.1 ppm) when compared to the starting CrVI concentration. 

Once the bi-functionality of UiO-66-NH2 materials under visible light illumination 

was confirmed, chromium photoreduction experiments were performed starting from 

a similar CrVI concentration after the adsorption stage in dark conditions (Figure 3.7c). 

To this end, the CrVI concentration before adsorption was tuned for each material in 

order to get a similar concentration value of approx. 3 ppm after the initial adsorption 

stage in dark conditions. Thus, the photocatalytic kinetics for the three studied 

materials were compared starting from similar conditions. As it could be observed in 

Figure 3.7d, when the photoreduction process starts from a similar initial 

concentration, UiO-66-NH2 photocatalyst presents better photoreduction kinetics than 

UiO-66-NH2-def and UiO-66. It is important to note that the calculated photocatalytic 

rates (Figure 3.7d) are quite different from those obtained from the previous 

experiments (Figure 3.7b), where the CrVI concentration after adsorption differs 

significantly for the three studied compounds. Indeed, generally speaking, the higher 

the CrVI concentration before the illumination stage, the lower the photocatalytic rate. 

The kinetic rates for CrVI photoreduction obtained from the experimental data 

plotted in the Figure 3.6d reveal that this parameter is affected by the particles size 

and the light-harvesting capacity of our dual sorbent-photocatalysts; but also, by the 

experimental conditions themselves. Independently of both parameters, the CrIII 

recovery efficiencies are above 98% if the adsorption and the photocatalytic steps are 

jointly considered. It is important to point out that a slight increment of the CrIII 

concentration in solution has been observed under certain experimental conditions. 

Further investigations are needed to elucidate the activation and reusability of the 

studied materials, as well as the CrIII saturation point under photocatalysis 

experiments. 
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UiO-66-NH2 Chromatographic Columns: Continuous Flux Adsorption 

When designing continuous flux adsorption experiment, it is necessary to integrate 

the MOF in a highly permeable chromatographic column that maximizes the contact 

between the aqueous solution and the active MOF sorbent. First, the protocol 

described by Rapti et al.[63] was followed to assemble a UiO-66-NH2/sand (1% w/w) 

based chromatographic column to test its adsorptive capacity over CrVI in a continuous 

flow open circuit configuration. The evolution of the chromium concentration at the 

output of the system has been plotted in the Figure 3.8a. The breakthrough adsorption 

experiment was carried out in dark conditions, with an initial CrVI concentration of 

2.5 ppm and a 1 mL·min-1 flux. The experimental data for the adsorption stage was 

fitted to Thomas model.[64] 

 

Figure 3.8. Continuous flux CrVI adsorption and photodegradation with UiO-66-NH2 

chromatographic columns. (a) Open circuit adsorption. 1% w/w UiO-66-NH2/Sand column, 

[CrVI] = 2.5 ppm, Flux = 1 mL·min-1. (b) Closed circuit adsorption. 10% w/w  

UiO-66-NH2/Sand column, [CrVI] = 2.5, 30 and 50 ppm, Flux = 1 mL·min-1. (c) Schematic 

representation of the open and closed circuits. 
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It is important to point out that kinetics of adsorption differ significantly in static 

and continuous flux experiments. Indeed, in static mode, most of the CrVI adsorption 

occurs within the five initial minutes while in continuous adsorption experiments, the 

sorbent saturation point is reached after 10 hours. 

Afterwards, we decided to increase the MOF content on the chromatographic 

column and evaluate its performance under a continuous flux process in a closed loop 

(see Figure 3.2 for a detailed information). By applying this strategy, the cumulative 

effect of the adsorption process in the long-term can be experimentally observed 

(Figure 3.8b). Henceforth, 10 % w/w UiO-66-NH2/sand chromatographic columns 

were prepared, and 100 mL CrVI solutions of 2.5, 30 and 50 ppm concentrations were 

pumped at 1 mL·min-1 flux until the adsorption equilibrium was reached. For the 

experiment performed with a 2.5 ppm concentration, the column was able to adsorb 

all the CrVI content in the 100 mL pumped across the column in 400 min. In the 

specific case of highly concentrated 50 ppm solution, the UiO-66-NH2/sand column 

was able to retain almost 40 % of the initial chromium in the adsorption stage. Indeed, 

a slight increase of the chromium content in the solution was observed after the 

saturation stage of the material. The color of the column changes appreciably during 

the experiments suggesting that the material possess certain degree to induce a 

chemical reduction of CrVI to CrIII. Finally, for the experiment performed at an 

intermediate concentration (CrVI = 30 ppm), the system was able to capture near 50 % 

under dark conditions. It is clear that the time to reach the adsorption saturation stage 

is four-fold longer in the continuous flux conditions than in static adsorption 

experiments. The maximum adsorption capacities for the UiO-66-NH2 material 

obtained from static sand adsorption experiments are very close. Indeed, 27 mg·g-1 

for static experiments, and 27 and 29 mg·g-1 for continuous flux experiments 

developed with 30 and 50 ppm solutions. Therefore, just by applying a continuous 

flux adsorption experiment with a column containing 1 g of UiO-66-NH2, 12 L of 

water with 2.5 ppm CrVI concentration could be depolluted in a closed system. 
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3.1.3. CONCLUSIONS 

The dual photocatalytic and adsorptive functionality of archetypal Zr and Ti-based 

metal–organic frameworks over the simultaneous CrVI to CrIII photoreduction and CrIII 

immobilization has been demonstrated. The particle size reduction of Ti-based MIL-

125 has been revealed as a key parameter to enhance the photoactivity of the material, 

whilst the linker defective chemistry of Zr-based UiO-66 compounds is detrimental 

for the chromium photoreduction but beneficial for the retention of the CrIII 

phototransformed species. Considered as a whole, the bifunctional Zr and Ti-based 

MOFs are able to retain from 90 to 98% of the initial chromium at acidic solutions. 

The adsorption process can be performed efficiently on a continuous flux closed loop 

circuit when the MOF active material is assembled as a chromatographic column. 

The experimental procedure described in this work opens the future perspective to 

test the bifunctional catalytic and adsorptive capacity of photoactive MOFs 

synthesized so far, not just applied for the specific case of chromium, but also for 

homologous studies such as the AsIII to AsV photooxidation, or the photodegradation 

of emerging pollutant and the concurrent adsorption of the photogenerated 

intermediate products. 

However, further research is needed to evaluate in a quantitative manner the 

economic and technical feasibility of MOFs for chromium recovery in real scenarios 

far from ideal laboratory models. In this regard, the chemical versatility of UiO-66 

frameworks opens a window to combine different functional groups in its structure, 

better known as multivariate functionalization, making it possible to synthetize 

materials with synergic properties or coupled functions. This is the focus of the 

following section, where we have explored the potentials of multivariate reticular 

UiO-66 materials for the photocatalytic water remediation. 
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3.2. MULTIVARIATE FUNCTIONALIZATION OF UiO-66 FOR PHOTOCATALYTIC 

WATER REMEDIATION 

The discovery of hydrolytically stable and chemically robust Zirconium(IV)  

UiO-66 (Figure 3.9a) triggered the application of MOFs for water remediation 

purposes.[1,52,65–70] One of the advantages of Zr-UiO-66 structure is that its defective 

linker sites act as preferential adsorption sites for oxoanionic species, including CrVI 

(Figure 3.9b).[5,71] The second advantageous feature of Zr-UiO-66 is that it functions 

as a semiconductor photocatalyst able to absorb UV-Vis light[72,73], which afterwards 

activates the metal sites by electron/hole transfer, and finally, leads to the generation  

of radical oxygen species (ROS) able to photoreduce the CrVI to CrIII. Indeed, these 

three key characteristics (i.e. light harvesting, electron/holes generation and transport 

and, ROS formation efficiency), define the efficiency of a photocatalyst, whose 

chemical stability is incorrectly assumed. 

 

Figure 3.9. UiO-66 crystalline structure a) defectless b) with linker-defective points that act 

as CrVI adsorption sites. 

 

Nowadays, there are many studies that have improved either CrVI adsorption or 

photocatalytic performance of pre- or post-synthetically modified Zr-UiO-66 

frameworks.[74,75] For example, amino and dihydroxyl functionalization endow UiO-

66 with chemical (i.e. –(OH)2) and photocatalytic (i.e. -NH2) capacity to reduce CrVI 
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to CrIII[4,16], as well as with the chemical affinity to adsorb both CrVI (i.e. -NH2) and 

CrIII (i.e. -(OH)2). However, as concluded from X-ray diffraction data after operation, 

both UiO-66-NH2, UiO-66-(OH)2 lack the chemical robustness to work under highly 

acidic or caustic conditions that only the nitro functionalized UiO-66-NO2 can 

tolerate.[76] Nevertheless, the loss of the long-range ordering of the MOF material 

(determined by X-ray diffraction) is not the only parameter that accounts for their 

overall chemical stability. The partial release of the organic linkers or metals of the 

framework when the MOFs are immersed under slightly acidic or basic solutions, is 

as well a key parameter to assess their chemical strength. For instance, the partial 

leaching of the MOF constituents does not preclude the structural collapse of the 

material, which under most of the conditions maintains its X-ray diffraction 

fingerprint, leading to conclusions that are not entirely precise regarding its chemical 

and hydrolytic stability. 

Recently, multivariate functionalization strategy has emerged, offering an 

opportunity to tailor and balance all the targeted characteristics to achieve a fast and 

efficient CrVI to CrIII photoreduction via the synergistic combination of different 

functional groups (Figure 3.10). Multivariate MOFs (MTV-MOFs) possess more than 

two functionalities randomly distributed within the framework that work together in 

a cooperative fashion, outperforming — as an ensemble — their homogenous and 

periodic counterparts.[77–86] In other words, the synergistic performance of a  

MTV-MOF (outperforming the homogenous and periodic counterparts) is the key 

criteria. However, introducing compositional variance in crystalline compounds 

brings new challenges, such as the exploration of the vast chemical space of 

functionalities variance and distribution that results in a cooperative performance and 

distinguishing multivariance from statistical disorder.[87,88] In practice, reticular 

chemistry introduces variance synthetically or post-synthetically towards optimizing 

for a particular function.[66,89,90] This requires the identification of a structure, its 

constituents, and possible compositional and structural variabilities (such as metals, 

organic linkers, absence of linkers, etc. that are compatible with the structure’s 

integrity). Ideally, variants that could aid in performing a specific task are 

identified.[91] Furthermore, up to date, the impact of the chemical variance on the 
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thermal or chemical/hydrolytic stability and photocatalytic properties of MTV-MOFs 

are fairly unexplored. 

In this second section of Chapter 3, the multivariate functionalization strategy to 

tune multiple chemical characteristics of UiO-66 structure has been employed,  

such as the light harvesting, adsorption capacity over CrVI and CrIII species, 

photoconduction efficiency, and CrVI to CrIII chemical reduction and photoreduction 

properties. In parallel, we have explored how the compositional variance in  

MTV-MOFs affects their hydrolytic stability in comparison to the one of their parent 

single-functionalized frameworks. To this end, we have studied the MTV space of 

amino, dihydroxyl and nitro functionalized single (UiO-66-NH2, UiO-66-(OH)2, UiO-

66-NO2) and multivariate (UiO-66-NH2-(OH)2, UiO-66-NH2-NO2, UiO-66-(OH)2-

NO2 and UiO-66-NH2-(OH)2-NO2) materials, combining aminoterephthalate (BDC-

NH2), 1,5-dihydroxyterephthalate (BDC-(OH)2) and nitroterephtalate (BDC-NO2) 

linkers. 

From the overall performance to photoreduce and capture chromium ions,  

the balanced multivariate functionalization of the UiO-66-NH2/-(OH)2/-NO2  

framework has resulted in a dual sorbent/photocatalyst with: (i) efficient  

chemical/photoreduction of CrVI to CrIII, and (ii) retention through adsorption of the 

resulting CrIII ions (Figure 3.10c). When considering the hydrolytic stability of the 

MTV-frameworks, although the leaching of the organic linkers is attenuated in 

comparison to the single functionalized UiO-66 frameworks (specially in comparison 

to -NO2 and -(OH)2 variants), there is still a significant selective release of nitro and 

dihydroxyterephthalate linkers under acidic or basic conditions, even when the 

structural stability of the compounds is maintained, as confirmed by X-ray diffraction. 

Overall, this work shows the high potentials, but also the limitations in terms of 

thermal and chemical stability, of multivariate functionalization strategy to create 

synergetic properties and functions for targeted applications. Although the study is 

focused on the MTV-MOF application for water remediation purposes, it could be 

expanded to other case studies far from water remediation such as gas or vapour 

adsorption in humid conditions, chromatographic separation or catalysis performed in 

liquid media. 
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Figure 3.10. (a) Key functions needed in MOF materials for the CrVI to CrIII capture and 

transformation. (b) Multivariate encoding strategy of the UiO-66 framework developed in 

this work. (c) Modulation of the key properties of the UiO-66 variants depending on their 

single and multivariate functionalities. 
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3.2.1. EXPERIMENTAL PROCEDURE 

Synthesis of UiO-66 single and multivariate materials 

The UiO-66 amine, dihydroxyl and nitro variants and the multivariate compounds 

with two or three different functionalities, were synthesized following the protocol 

described in the previous section 2.1.1 of this chapter. The main difference lies on the 

quantities of organic linker added to the reactor for the synthesis of the  

MTV-materials. These are summarized in the Table 3.2. 

Table 3.2. Quantity of organic linkers used in multivariate UiO-66 materials. 

Sample 
BDC-NH2 

(mmol) 

BDC-(OH)2 

(mmol) 

BDC-NO2 

(mmol) 

UiO-66-NH2 2.310 ---- ---- 

UiO-66-(OH)2 ---- 2.310 ---- 

UiO-66-NO2 ---- ---- 2.310 

UiO-66-NH2-(OH)2 1.155 1.155 ---- 

UiO-66-NH2-NO2 1.155 ---- 1.155 

UiO-66-(OH)2-NO2 ---- 1.155 1.155 

UiO-66-NH2-(OH)2-NO2 0.770 0.770 0.770 

 

Sample stability assessment 

In order to study the stability of the materials in different acidic or basic media,  

30 mg of the samples were immersed in 15 mL of water solutions with pH 4, 7, 9 and 

12. After that, they were recovered by centrifugation, washed with methanol three 

times, and dried at 80 ºC. XRD analysis of the powdered samples recovered after the 

experiment was recorded as described previously in this section. The aqueous 

solutions from pH 4 to 12 were recovered after the chemical stability tests and 

measured using a Spectronic 20 Genesys spectrophotometer, in order to follow the 

characteristic absorption bands that BDC linkers show (250 nm for BDC-NH2, BDC-

(OH)2 and BDC-NO2; 350 nm for BDC-NH2 and BDC-(OH)2). 
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Adsorption kinetics 

The adsorption kinetics of single and multivariate UiO-66 materials over CrVI and 

CrIII species were assessed at room temperature. Several dispersions of 6 mg of MOF 

adsorbent in 24 mL of 5 ppm CrVI or CrIII solutions were prepared. The mixtures were 

agitated under magnetic stirring at 400 rpm and each of it was filtered with a 

hydrophilic 0.22 µm filter at a different time, from 5 to 360 min. Then solutions were 

acidified for its stabilization, and finally analyzed by means of ICP-AES. Adsorbents 

were dried and collected for future characterization after the adsorption experiments. 

pH of the chromium solutions was kept below 3.5 to prevent chromium oxide 

precipitation. The absence of chromium oxide precipitation was confirmed 

experimentally, monitoring the CrIII concentration on the CrIII stock solution over a 

period of two months, which remained constant. Kinetics were fitted with pseudo-first 

order (Equation 2.8 in section 2.3.2) and pseudo-second order (Equation 2.10 in 

section 2.3.2) models. 

 

Photocatalysis for CrVI to CrIII reduction 

A 365 nm lamp was used to trigger the photocatalytic activity of UiO-66-R variants 

studied in this work. 35 mg of the samples were placed in 140 mL CrVI solution. The 

initial CrVI concentration was tuned between 14 and 12 ppm in order to obtain a similar 

CrVI concentration at the initial point of the photocatalysis experiments, and after the 

adsorption in dark conditions for 2 hours. After illumination, 5 mL aliquots were taken 

at different times of the reaction (5, 10, 15, 30, 45, 60, 120 and 240 min), and 

afterwards, filtered with a 0.22 µm pore filter. 

The CrVI concentration was measured by a simplified methodology based on a 

previously reported diphenylcarbazide colorimetric protocol.[92] The overall 

chromium concentration of the solutions was determined by ICP-AES. CrIII content 

of the aliquots was determined by the subtraction between the total chromium 

concentration obtained by ICP-AES and the CrVI concentration determined by the 

colorimetric method. The rates of CrVI to CrIII photoreduction in the single and 



MOFs as photoreductive materials for CrVI remediation in wastewater 

 
135 

 

 

multivariate samples were obtained after the fitting of the experimental data to the 

Langmuir-Hinshelwood model (Equation 2.12).[51] 

The chemical stability of the materials after the CrVI adsorption and the CrVI to CrIII 

photoreduction processes was studied following the same protocol described 

previously. The UV-Vis spectra of the chromium solutions after adsorption and 

photocatalysis were recorded as well in order to monitor whether a partial leached of 

the organic linkers from the MOFs has occurred. 

 

3.1.1. RESULTS AND DISCUSSION 

Samples characterization 

Once synthesized, the quality, particle size and compositional variance of the 

samples was initially assessed by X-ray diffraction, IR spectroscopy and 1H-NMR. 

The X-ray diffraction (XRD) patterns of all the single and MTV-UiO-66 materials are 

quite similar in terms of the diffraction maxima position and intensity ratio (Figure 

3.11a). In addition, the X-ray diffraction data were analysed through a full profile 

pattern analysis, which confirms that they are fully consistent with the cell parameters 

and cubic Fm-3m space group of the UiO-66[44] structure, as can be observed in Figure 

3.11b-h. 

Our fittings revealed that all the samples have almost identical cell parameters 

(Table 3.3), with only slight variations in the values of the full width at half maximum 

of the patterns. As observed by scanning electron microscopy, the divergence on the 

full width at half maximum of the patterns for the different materials can be explained 

by the variation of their particle size (Figure 3.12). 
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Figure 3.11. (a) XRD pattern and (b-h) pattern matching profile analysis of the UiO-66-R 

samples.  
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Table 3.3. Cell parameters obtained from the full profile analysis of the XRD patterns of 

the different MOF samples. 

Sample a parameter (Å) 

UiO-66-NH2 20.765±0.001 

UiO-66-(OH)2 20.778±0.003 

UiO-66-NO2 20.709±0.002 

UiO-66-NH2-(OH)2 20.720±0.004 

UiO-66-NH2-NO2 20.733±0.002 

UiO-66-(OH)2-NO2 20.745±0.003 

UiO-66-NH2-(OH)2-NO2 20.744±0.003 

 

 

Figure 3.12. SEM images for the UiO-66-R samples. 
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FTIR spectra show the characteristic fingerprint bands of the UiO-66 framework, 

as well as those of the -NH2, -NO2 and -(OH)2 functionalities within the single and 

multivariate materials (Figure 3.13). There is no significant shift in the vibrational 

frequencies from the single-functionalized to the multivariate frameworks. Some of 

the most characteristic vibrational modes common to all the UiO-66-R (R= -NH2,  

-(OH)2, -NO2, -NH2-(OH)2, -NH2-NO2, -(OH)2-NO2 and -NH2-(OH2)-NO2) 

frameworks studied in this work are the longitudinal and transverse vibration of the 

Zr-O bonds (at 745 and 660 cm-1)[93] and/or to the asymmetric and symmetric 

stretching vibrations of the carboxylate groups (1581 and 1389 cm-1).[67] 

 

Figure 3.13. IR spectra of UiO-66-R samples. 

 

Once the presence of the amino, nitro, and hydroxyl functional groups within the 

single and multivariate materials was confirmed by IR spectroscopy, the molar ratio 

of the organic linkers in multivariate samples was calculated by 1H-NMR analysis of 

the dissolved samples (Figure 3.14 and Table 3.5). For the MTV-MOFs, the linkers’ 

molar ratio (as obtained from integration of the 1H-NMR data) aligns with the 

expected value, although there was a slight preference for the incorporation of BDC-
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NO2 over the BDC-NH2 and BDC-(OH)2, and of the BDC-NH2 linkers over the BDC-

(OH)2 during the synthesis, as summarized in the data of the Table 3.4. 

 

 

Figure 3.14. 1H-NMR spectra of UiO-66-R samples. 

 

Table 3.4. Molar ratio of BDC-NH2, BDC-(OH)2 and BDC-NO2 linkers in single and 

multivariate UiO-66 frameworks. 

 
BDC-NH2 

Synthesis/Material* 
BDC-(OH)2 

Synthesis/Material* 
BDC-NO2 

Synthesis/Material* 

UiO-66-NH2 100 % / 100 % 0 % / 0 % 0 % / 0 % 

UiO-66-(OH)2 0 % / 0 %  100 %/ 100 % 0 % / 0 % 

UiO-66-NO2 0 % / 0 % 0 % / 0 % 100 % / 100 % 

UiO-66-NH2-(OH)2 50 % / 56 % 50 % / 44 % 0 % / 0 % 

UiO-66-NH2-NO2 50 % / 46 %  0 % / 0 % 50 % / 54 % 

UiO-66-(OH)2-NO2 0% 50 % /41 % 50 % / 59% 

UiO-66-NH2-(OH)2-NO2 33 % / 34 % 33 % /26 % 33 % / 40 % 

* Molar percentage of the linkers in the reaction media and incorporated to the UiO-
66-R material. 
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The micropore surface areas, obtained by analysing nitrogen adsorption isotherms 

at low-pressure, are lower in comparison to the values reported in literature (Table 

3.5). Instead, the surface area of our samples seems to be linked to the external area 

of the nanoparticles in the mesoporous regime (Figure 3.15).[94,95] The similarity to 

isotherm types I/II or I/IV is consistent with a microporous solid formed by 

nanoscopic particles that have meso/macro-porous-sized gaps between them. For 

instance, the external surface area of the particles can be qualitatively correlated with 

the particle size observed by scanning electron microscopy (Figure 3.12). 

 

Figure 3.15. N2 adsorption isotherm of UiO-66 materials. 

 

Table 3.5. Micropore surface areas of UiO-66-R materials calculated by N2 adsorption 

isotherms. 

Sample 
SBET  

(m2·g-1) 
Smicro  

(m2·g-1) 
Sext  

(m2·g-1) 

Vmicro  
(cm3·g-

1) 

VT (cm3g-1)  
P/P0: 0.96 
(<50nm) 

UiO-66-NH2 358.7 110.3 248.4 0.051 1.100 

UiO-66-(OH)2 217.5 69.7 147.8 0.031 0.415 

UiO-66-NO2 228.3 -- -- -- 1.247 

UiO-66-NH2-(OH)2 405.2 127.3 277.9 0.054 0.834 

UiO-66-NH2-NO2 420.8 169.6 251.2 0.105 0.712 

UiO-66-(OH)2-NO2 298.0 146.0 152.0 0.063 0.443 
UiO-66-NH2-(OH)2-

NO2 
323.6 177.1 146.5 0.075 0.494 
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As explained in the following sections, the thermal and chemical stability, light 

harvesting capacity and photoconduction efficiency of the single and multivariate 

UiO-66 frameworks are all affected by the type and amount of the functional groups. 

Overall, the chemical variance of MTV materials improves their efficiency to capture 

and photoreduce chromium species, but affects as well their hydrolytic stability, 

especially at highly acidic and basic conditions. 

 

Multivariate modulation of the thermal and chemical stability 

The thermal stability of the UiO-66 frameworks was evaluated through 

thermogravimetric analysis. The thermogravimetric profiles of MTV-UiO-66 samples 

are close to the average sum of the TGA signal of single-functionalized materials. 

Therefore, the thermal stability of MTV-UiO-66 materials is governed by the 

functionality with the lower thermal resistance (Figure 3.16). For the single-

functionalized materials, the calcination process of the organic linker, usually 

associated with the thermal collapse of the framework, begins at 360 °C, 320 °C, and 

295 °C for UiO-66-NH2, UiO-66-(OH)2, and UiO-66-NO2, respectively. By contrast, 

in MTV materials, the thermal collapse begins at almost the same temperature as the 

collapse of the corresponding singly functional framework with the lower thermal 

stability (i.e. UiO-66-NH2-NO2 ≈ 320 °C, UiO-66-NH2-(OH)2 ≈ 300 °C, UiO-66-

(OH)2-NO2 ≈ 300 °C, and UiO-66-(OH)2-NO2-NH2 ≈ 310 °C). 

These results confirm that the thermal resistance of MTV-MOFs is defined by one 

of the functionalities, that is, the weakest link in the chain is the one that marks the 

thermal collapse of the framework. The quantitative analysis of the thermogravimetric 

curves (specifically the weight loss associated with the calcination of the organic 

linker) display that all samples have approximately 0.5 linker defects per formula unit. 

This is an important structural feature, since defect chemistry promotes the adsorption 

of chromate anions. Therefore, having a similar density of linker-defects within the 

studied material assures that the differences observed in their properties (e.g. 

adsorption capacity and kinetics, photocatalysis, photoconduction…) arises from the 

single or multivariate functionalities installed in the framework. 
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Figure 3.16. Thermogravimetric analysis of UiO-66-R materials. 

 

The chemical stability of the single and multivariate functionalized UiO-66 

materials was studied after immersing them in acidic and basic aqueous solutions. 

After the experiment, the solid was collected by centrifugation and studied by XRD, 

and the supernatant was kept for its study by UV-Vis spectroscopy. The X-ray 

diffraction patterns of the single and multivariate UiO-66 materials immersed at 

slightly acidic to basic aqueous media (pH 4 to 9) do not show significant changes in 

comparison to the initial ones (Figure 3.17). This is not the case for the XRD data of 

the samples exposed to basic solutions of pH=12, which point that the long-range 

ordering of the frameworks is lost during the process. These results match with 

expected ones, as the structural stability of the UiO-66 family in aqueous media has 

been corroborated in many works by X-ray diffraction.[76,96–100] However, this data 

cannot be used alone to positively claim that no fraction of the sample has been 

partially destabilized/dissolved giving rise to a leaching of the organic linkers and 

zirconium ions to the aqueous media.[101,102] 
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Figure 3.17. XRD patterns of UiO-66-R samples after being exposed to different acidic and 

basic media. 
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Further stability tests from pH 4 to 9 were carried out by using UV-Vis 

spectroscopy, in order to monitor the linker amount in the solution, as any leaching of 

the organic linkers to the solutions above a concentration of 1 mg·L-1 would be 

detectable via UV-Vis, as shown in the Figure 3.18a-c. Even though the absorbance 

values of the UV-Vis spectra give us only a comparative estimation of the organic 

linkers concentration leached from the MOF into the aqueous media, we have tried to 

semiquantify this information. To this end, a calibration curve was built for the  

BDC-NH2, BDC-(OH)2 and BDC-NO2 aqueous solutions at 250 nm for all samples 

and at 350 nm in the specific case of amino and dihydroxyl linkers (Figure 3.18d-f) 

Therefore, on the basis of the calibration curves, we can estimate in a semiquantitative 

manner the concentration of the linkers leached from the single functionalized MOFs. 

For the single functionalized UiO-66-NH2, UiO-66-(OH)2 and UiO-66-NO2 samples, 

this can be easily calculated with this calibration curve. However, for the MTV MOFs 

a slightly longer procedure is used. 

In the specific case of MTV-MOFs having amino-nitro and dihydroxyl-nitro 

linkers, first the concentration of the amino or dihydroxyterephthalic linker was 

obtained from the 350 nm calibration curve. Afterwards, the absorbance arising from 

the amino or dihydroxyl linkers at 250 nm was calculated on the basis of the 

calibration curves obtained for this wavelength. The calculated value was subtracted 

to the observed experimental absorbance, and the resulting absorbance used to 

calculate the concentration of BDC-NO2 linker. For UiO-66-NH2-(OH)2, as BDC-NH2 

and BDC-(OH)2 linkers have a very similar UV-Vis fingerprint, their individual 

concentrations cannot be distinguished by following this experimental approach. In 

this case, the calculations were performed assuming that the UV-Vis absorbance was 

related with a 100 % release of BDC-NH2 and BDC-(OH)2. The average, maximum 

and minimum values of % of linker release from the MOF have been obtained and 

plotted in Figure 3.19. 
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Figure 3.18. (a, c and e) UV-Vis spectra of BDC-X solutions (1, 5, 10, 15 mg·L-1).and (b, d 

and f) concentration vs. absorbance (250 and 350 nm) calibration curves. 

 

The percentage of the organic linkers leached from the MOF was calculated as 

detailed in the Equation 3.1. 

𝐿𝑟𝑒𝑙 =
[𝐿]𝑈𝑉−𝑉𝑖𝑠

[𝐿]𝑡𝑜𝑡𝑎𝑙
× 100                                           (3.1) 

where, Lrel are the % of linkers released, [L]UV-Vis is the concentration of the linkers 

determined by UV-Vis spectroscopy, and [L]total stands for the concentration of the 

linkers calculated if all the MOF sample is dissolved in the aqueous solution. 

It is important to mention that our approach is a qualitative one to estimate the 

chemical robustness of UiO-66 frameworks, and in general of MOF materials, which 

organic linkers or metals give a UV-Vis signal when dissolved in water (or other 
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organic solvents). This makes the methodology easily accessible for the research 

community working on MOF materials, although less accurate than the quantification 

of the linkers concentration through liquid chromatography. 

 

Figure 3.19. Percentage of the organic linkers dissolved when after immersing 30 mg of 

MOFs in 15 mL of aqueous solutions (pH= 4, 7 and 9) during 24 h. 

 

UV-Vis spectroscopy confirms that even if the crystallinity of the samples is 

maintained, there is a partial leaching of the linkers into solution for all samples 

between pH 4 and 9, but the value of this figure is highly dependent on the functional 

groups presence in the frameworks. UiO-66-NH2 shows the smaller release of  

BDC-NH2 linkers into the solution (nearly negligible at pH 7 and 9, and close to  

2 % at acidic conditions (i. e. pH 4)) in comparison to the ones observed for  

UiO-66-NO2 and UiO-66-(OH)2 (from 5 to 7.5 %). In contrast, UiO-66-(OH)2 and 

UiO-66-NO2 release significant amounts of their linker to the solution, especially at 

acidic conditions (> 6 %). For MTV-MOFs, the hydrolytic stability is approximately 

an average of the one reported for their single functionalized materials. The samples 

with amino functionalities are the ones that show the lower degree of linker release. 

For instance, UiO-66-NH2-NO2 exhibits a selective loss of BDC-NO2 linkers  

(< 2 %) and a negligible release of BDC-NH2 at acidic and neutral conditions (as 

concluded by the absence of the UV-Vis absorption band located at 350 nm).  

UiO-66-NH2-(OH)2 shows intermediate values between the ones observed for  

UiO-66-NH2 and UiO-66-(OH)2. The release of organic linkers in UiO-66-(OH)2-NO2 

and UiO-66-NH2-(OH)2-NO2 is accentuated in comparison to their single 

functionalized counterparts. For instance, in these two cases we were able to roughly 

differentiate the BDC-NO2 and BDC-NH2/(OH)2 leaching to the media, but the final 
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values need to be considered carefully. Nevertheless, the overall percentage of organic 

linkers released to the aqueous media in after the immersion of UiO-66-(OH)2-NO2 

and UiO-66-NH2-(OH)2-NO2 exceeds the sum of the values obtained for the single-

functionalized materials. When comparing the results obtained in this study with the 

tendencies reported in previous works, we found that our findings gives a 

complementary information. For instance, the structural stability of UiO-66-NH2
[103] 

and UiO-66-NO2
[104] when exposed to acidic and basic conditions have been 

previously corroborated, but this does not preclude that a partial release or dissolution 

of the MOF materials occurs during the process, as confirmed in our study. In parallel, 

as far as we know, this is the first time the corresponding data has been reported for 

the UiO-66-(OH)2 homologue. Overall, it has been confirmed that the incorporation 

of amino functionalities to MTV-UiO-66 add chemical robustness to the frameworks 

by preventing amorphization but does not fully block the partial and selective release 

of nitro and dihydroxyl organic linker to the media. 

 

Multivariate modulation of the light harvesting and photoconduction 

The light-harvesting capacity of the materials was studied by UV-Vis spectroscopy 

of solid samples. The absorbance data was transformed into (αhv)2 vs. energy plots to 

calculate the optical band gaps of the single and multivariate MOFs (Figure 3.20a-d). 

Three absorption bands were observed in the UV-Vis spectra: (i) the first two were 

ultraviolet wavelengths, (likely from the charge transfer between the organic linkers 

and zirconium hexa-nuclear clusters), and (ii) the third band was located in the visible 

range, and therefore can be assigned to the colour of the amino and 

dihydroxyterephthalic linkers. As expected, the white coloured UiO-66-NO2 shows 

the highest band gap value, 3.26 eV, demonstrating its capacity to harvest light 

exclusively in the ultraviolet energy range. UiO-66-NH2 (2.84 eV) and UiO-66-(OH)2 

(2.75 eV) have smaller band gaps, suggesting that they can harvest light in the range 

of visible blue light. In the most cases, the MTV-MOFs exhibit band gaps slightly 

lower than the average value calculated from the band gaps of single-functional 

MOFs. UiO-66-NH2-(OH)2 is an exception to the general trend; it outperforms its 

calculated band gap of by 0.15 eV, and also the band gaps of the UiO-66-NH2 and 



Chapter 3 

 
148 

 

 

UiO-66-(OH)2 materials. Therefore, MTV chemistry allows us to tune not only the 

semi-conduction band by selecting the proper functional groups, but to also 

manipulate synergistic effects to improve the light harvesting capacity of the parent, 

singly functional MOFs (Figure 3.20f). 

 

Figure 3.20. (a-d) Tauc plots and calculated band gaps for single functionalized and 

multivariate MOF. Black lines account for the calculated Tauc plot of the MTV-MOF from 

the averaged sum of the single functionalized UiO-66 frameworks. (e) Photocurrent 

response under intermittent light irradiation for single and multivariate encoded UiO-66 

frameworks. (f) Band gap and photoconduction values for single and multivariate encoded 

UiO-66 frameworks. 
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Mott-Schottky plots were performed to investigate the flat band potential as well 

as Fermi energy level of the materials. As shown in Figure 3.21, the positive slopes 

of the Mott-Schottky plots exhibit the typical n-type semi-conduction. The flat band 

potentials are around -0.5 V vs. Ag/AgCl, which is in good agreement with previous 

researches.[42,105] In general, the flat band potential of n-type semi-conductor (intercept 

value at the x-axis) can be used to estimate the energy level of its conduction band 

(CB).[106] The CB potential of the UiO-66-R single and MTV materials (around -0.5 

V vs. Ag/AgCl) is more negative compared to the O2/O2
-· (-0.13 V vs. Ag/AgCl), and 

thus, they can reduce the adsorbed O2 to form O2
-·.[107], and it is also more negative 

than the CrVI to CrIII reduction potential (+1.15 V vs. Ag/AgCl), allowing the material 

to perform this reduction process.[42] 

 

Figure 3.21. Mott-Schottky plot of UiO-66-R materials. 

 

The photocurrent response of the materials was also measured under intermittent 

light irradiation (Figure 3.20e). Among the single encoded materials, UiO-66-(OH)2 

shows the best photoconduction as a consequence of encoding an electron-donor 

hydroxyl group into the structure that provides the linkers of free electrons, and thus, 

increases its conductivity. For the MTV-MOFs, it is noticeable than when BDC-(OH)2 

is combined with BDC-NO2 a huge increase in the photoconductivity is observed. 

This can be due to the combination of electron donor and electron acceptor groups in 

the same structure, which increases the electron flux through the framework. Between 

the two materials with best photochemical response, a shape difference can be seen. 
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UiO-66-(OH)2-NO2 shows a wave-like profile, which is characteristic of materials 

with slower photoresponse, as it needs more time to rise its maximum  

photoconduction when it is illuminated. On the other hand, UiO-66-NH2-(OH)2-NO2 

exhibits a square-like shape, characteristic of a very quick photochemical response, 

achieving its maximum photoconduction rate in less than a second. 

 

Modulation of the CrVI and CrIII adsorption 

The adsorption kinetics of single and multivariate UiO-66 materials over CrVI and 

CrIII species were assessed with 5 ppm chromium solutions. Note that a sorbent dosage 

of 0.25 g·L-1 was used in these experiments because this value is within the  

operative photocatalyst dosage (0.25 – 1 g·L-1) that will be used later for the CrVI to 

CrIII photoreduction experiments. The adsorption kinetics were performed under 

acidic conditions (pH = 3.5) which prevents the precipitation of CrIII 

oxides/hydroxides during dark and illumination conditions. The experimental data 

and its fitting with a pseudo-second order kinetic model have been plotted in Figure 

3.22a-b. The CrVI and CrIII adsorption capacities and kinetic rates have been 

summarized in the Figure 3.22c-d. 

As previously mentioned, CrVI is stabilized as dichromate (Cr2O7
2-) and hydrogen-

chromate (HCrO4
-) anionic species at acidic pH values. All of the UiO-66 materials 

studied exhibit interesting CrVI adsorption capacities because of the presence of 

uncoordinated positions derived from linker defects. At first sight, the amino 

decorated MOF is the one of the UiO-66 variants that exhibits the best adsorption 

capacity over CrVI (Qe = 15.5 mg·g-1). This increased absorption capacity can be 

explained by the electrostatic interactions between the protonated NH3+ groups and 

the chromate anions, as reported previously by S. Rapti et al.[63] Dihydroxyl, nitro and 

MTV materials show similar CrVI loading values at equilibrium, ranging from Qe = 6 

to 8 mg·g-1 (Figure 3.22a). It is interesting to note that the kinetics of CrVI adsorption 

are strongly affected by the MTV chemistry, as shown by the k values obtained from 

the pseudo-second order modelling (dashed lines in Figure 3.22a and b) used to fit the 

experimental data (Figure 3.22c). For instance, single and MTV UiO-66 frameworks 
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encoded with hydroxyl functionalities exhibit slower kinetics, likely due to the steric 

and electrostatic repulsions arising from the hydroxyl groups and chromate oxyanions 

(Figure 3.22c). Overall, amino and/or nitro functionalized UiO-66 variants are the 

strongest candidates for the CrVI capture in terms of adsorption capacity and kinetics, 

respectively. 

 

Figure 3.22. Adsorption kinetics over (a) CrVI (5 ppm) and (b) CrIII (5 ppm) for UiO-66 

type materials. Qe and k values obtained by fitting the experimental data for (c) CrVI and (d) 

CrIII adsorptions to a pseudo second order model. Dashed lines in (a) and (b) correspond to 

the fitting curve obtained from the application of a pseudo-second kinetic model to the 

experimental data (circles). 

 

The trend is almost perfectly reversed for CrIII cations. In general terms, the profiles 

of the kinetics of CrIII adsorption suggest slower uptakes in comparison to CrVI (Figure 

3.22b). Dihydroxyl (Qe = 16.5 mg g−1) and/or nitro (Qe = 12.5 mg g−1) functionalized 

UiO-66 variants show the best performance to capture CrIII in terms of adsorption 
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capacity and kinetics, although k rates are at least twofold smaller than in CrVI 

adsorption. Most importantly, MTV chemistry opens proves to be an excellent and 

unique tool for fine modulation of both the capacity and kinetics of the CrIII capture 

(Figure 3.22d). 

 

Dual photocatalytic and adsorptive capacity 

Once the ability of MTV-UiO-66 family to adsorb CrVI and CrIII was assessed, their 

capacity to photoreduce CrVI to CrIII under UV irradiation was studied (Figure 3.23a-

d). First, an initial adsorption in darkness was performed with CrVI solutions of 

specific concentrations between 14 and 12 mg·g-1. The initial point of the experiment 

was adapted to each material in order to obtain the most similar CrVI concentration 

after adsorption stage, and hence, as the starting point of the photocatalysis 

experiments. This point is relevant for later quantitative comparison of CrVI to  

CrIII photocatalysis kinetics, since this parameter depends on the initial substrate 

concentration. Once equilibrium is reached after adsorption, the CrVI to CrIII  

photoreduction is triggered by the illumination of the catalysts with a 365 nm UV-

lamp. The experimental results of the multivariate compounds and of the UiO-66 

compounds with single-functionalities are shown in Figure 3.23a-d. In experiments, 

the change in CrVI and CrIII concentration was monitored during both the adsorption 

and photocatalysis steps. The rates of CrVI to CrIII photoreduction in the single and 

multivariate samples were obtained after the fitting of the experimental data to a first-

order kinetic model. The photoconduction values and the photocatalysis rates have 

been summarized in Figure 3.23e. In addition, the CrIII release has been correlated 

with the hydrolytic stability of the frameworks, and especially with the release of  

BDC-(OH)2 linker to the media, with the CrIII concentration detected after the  

photocatalysis experiments. In order to study the effect of the initial CrVI concentration 

in the photoreduction rate, additional experiments were done for UiO-66-NH2-(OH)2-

NO2 at 5 and 30 mg·L-1 (Figure 3.23f). 
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Figure 3.23. (a-d) CrVI to CrIII photocatalytic reduction by single functionalized and 

multivariate UiO-66 materials. (e) Comparison between the CrVI to CrIII photoreduction 

rates (calculated with Langmuir-Hinshelwood model) and band gap values for the studied 

materials. (f) CrVI to CrIII photocatalytic reduction for UiO-66-NH2-(OH)2-NO2 material 

starting at different CrVI concentrations. 

 

First, UiO-66-NO2 (Figure 3.23a) shows negligible photoreduction activity when 

illuminated (~10 % of CrVI  CrIII). By comparison, UiO-66-NH2 (Figure 3.23a) 

shows that 50% of the CrVI was eliminated after 2 hours of UV-illumination. The 
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experiments conducted with both UiO-66 variants show a negligible amount of CrIII 

in the solution during the adsorption and photoreduction stages. Therefore, the CrIII 

species generated during photocatalysis are retained within the MOF, and not released 

into the media. Photocatalysis efficiency is even better for UiO-66-(OH)2 (Figure 

3.23a), which reduces almost the 99% of CrVI to CrIII in 2 hours. Unfortunately,  

UiO-66-(OH)2 shows an appreciable release of CrIII during adsorption step even 

though this UiO-66 variant has the best CrIII adsorption capacity (as demonstrated in 

kinetic experiments). The outstanding CrIII adsorption and CrVI to CrIII photoreduction 

performance of the hydroxylated framework proves that it exhibits both 

photoreduction and chemical reduction functions. In return, the low hydrolytic 

stability of the framework gives rise to a release of dihydroxylated terephthalic 

molecules (and therefore also the CrIII ions previously held at the hydroxyl sites) into 

the aqueous acidic media. However, it is clear that CrIII concentration remains stable 

during photocatalysis, suggesting that an equilibrium between the MOF and the media 

is established once a certain concentration of BDC-(OH)2 linkers is released. 

Multivariate UiO-66-NH2-(OH)2 shows a 99 % CrVI to CrIII photoreduction efficiency, 

but with slightly slower photoreduction kinetics (Figure 3.23b) in comparison to  

UiO-66-(OH)2. In parallel, a dual-stage CrIII release has been observed during 

adsorption and photocatalysis. The CrIII released in darkness (~ 1.2 mg·L-1) is between 

the negligible values obtained for UiO-66-NH2 and the 2.5 mg·L-1 observed for UiO-

66-(OH)2. After UV-illumination, a second CrIII release occurs, plateauing at a 

concentration of 2.5 mg·L-1, mirroring the observations of the UiO-66-(OH)2 

experiment. It is still unclear whether the CrIII release is related to: (i) a destabilization 

of the MOF, or (ii) the limited capacity of the framework to retain the CrIII ions 

generated during the photocatalysis. Given the good CrIII adsorption capacity of UiO-

66 variants containing hydroxyl functions, the first hypothesis seems to be the most 

plausible. 

The CrIII release during CrVI adsorption and photocatalysis is partially blocked 

when BDC-NO2 linkers are included in the multivariate MOFs. As an illustrative 

example, UiO-66-NH2-NO2 is able to retain the CrIII ions generated during 

photocatalysis while its photoreduction kinetics and efficiency are as good as  

UiO-66-NH2, but still far inferior to UiO-66-(OH)2 (Figure 3.23c). Conversely,  
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BDC-(OH)2 and BDC-NO2 linkers act synergistically in the  

UiO-66-(OH)2-NO2 framework (Figure 3.23d), where photoreduction activity 

becomes as good as UiO-66-(OH)2, but CrIII retention is improved by the stabilizing 

BDC-NO2 linkers. Even though CrIII release is minimized when nitro and hydroxyl 

functions are encoded within the material, an appreciable 1.5 mg·L-1 CrIII 

concentration is observed during the experiment. To address this, the nitro, amino and 

dihydroxyl functions were encoded in the same MTV-UiO-66 framework, which 

exhibits both excellent CrVI to CrIII chemical reduction and photoreduction kinetics 

similar to UiO-66-(OH)2, and negligible CrIII release to the media as exhibited by UiO-

66 variants containing nitro and/or amino functionalities. 

When comparing the CrIII release observed during the photocatalysis experiments 

to the chemical stability of the compounds, it is clear that these factors are closely 

correlated in the case of hydroxyl bearing linkers. For the nitro homologues, the 

correlation is not so evident. Despite the chemical stability studies show that there is 

a significant BDC-NO2 release to the media, there is not a CrIII concentration increase 

during photocatalysis. This evidence could be related with the lack of an important 

role of the nitro functions to adsorb CrIII ions, so their release does not induce the loss 

of the CrIII ions immobilized at the UiO-66 amino and hydroxyl functionalities. For 

instance, the higher the dihydroxyl and aminotherepthalate linkers leached to the 

media, the more accentuated the CrIII release during adsorption and photocatalysis. 

Multivariate chemistry of MOFs in the UiO-66 family gives rise to synergic effects 

in their photocatalytic performance. The photoconduction efficiency of the single and 

multivariate materials is closely correlated with their efficiency in transforming CrVI 

to CrIII. For instance, these materials containing hydroxyl groups exhibit faster 

kinetics to photoreduce CrVI to CrIII, although they exhibit significant CrIII release 

during adsorption and photocatalysis stages. When balancing the chemical  

and photoreduction capacity with hydrolytic stability, tri-functional MTV  

UiO-66-(OH)2-NH2-NO2 exhibits the best performance; in addition to superior 

photoreduction kinetic rates rivalling the dihydroxyl variant. For instance, this 

trifunctional MTV-variant is able to retain the phototransformed CrIII species with the 
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same efficiency as the amino functionalized material (Figure 3.23a), even if 

significant leaching of nitro linkers has been observed. 

In order to study how the initial CrVI concentration affects the photoreductive 

activity of UiO-66-NH2-(OH)2-NO2, extra photocatalysis experiments were 

performed, starting at 30 ppm and 5 ppm (Figure 3.23f). The adsorption process in 

darkness remains similar, however, when the UV-lamp is turned-on, some differences 

can be observed. As it can be observed in Figure 3.24, the material shows better kinetic 

rates at low CrVI concentrations (5 ppm > 15 ppm > 30 ppm), as more catalytic sites 

per CrVI ions are accessible for their photoreduction. Starting from a CrVI 5 ppm 

solution, 100% of the chromium can be eliminated in only 40 minutes. This 

photoreductive response fits with the usual chromium concentrations found in real-

water streams, usually bellow 5 ppm. 

 

Figure 3.24. Comparison of k values of photocatalytic performance of UiO-66-NH2-(OH)2-

NO2 starting at different CrVI concentrations. 

 

Further research is needed to fully understand the electronic properties and 

enhanced photocatalytic activity of the MTV-UiO-66 variants in comparison to the 

expected average response of single-functional materials. One of the possible 

hypotheses is that proton, electron, and hole transfer within the MTV-UiO-66 is 

enhanced due to the concurrent presence of electron donating and withdrawing groups 

within the framework, as initially pointed out by the photoconduction experiments. 
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Stabilization of chromium in MTV-MOFs 

Chromium speciation after adsorption and photocatalysis was studied by means of 

UV-Vis and EPR spectroscopies. In order to enhance the chromium UV-Vis and EPR 

signals, the experiments were performed with 100 ppm CrVI solutions. 

First, the color change of the samples was noted both after the adsorption step in 

darkness and after UV illumination (Figure 3.25). After adsorption, UiO-66-NO2 and 

UiO-66-NH2-NO2 materials get the characteristic yellow colour of chromate anions. 

For the variants including amine and hydroxyl functionalities, the colour change after 

CrVI adsorption is even more drastic, especially for multivariate UiO-66-NH2-(OH)2 

and UiO-66-NH2-(OH)2-NO2, becoming light brown. This darkening in the colour of 

the solid samples is more severe under exposure to UV-radiation, which is indicative 

of electron transfer between CrVI and CrIII mixed-valence species stabilized within the 

frameworks. In parallel, the colour of the CrVI solutions was monitored as well. It is 

interesting to point that there is an appreciable decrease in intensity of the yellow color 

of the solution for almost all samples after photocatalysis, i.e. the intensity of the color 

of the CrVI solutions can be related with the efficiency of the materials to adsorb CrVI 

and catalyse the CrVI to CrIII reduction. 

 

Figure 3.25. Samples after the adsorption of 100 ppm CrVI solution in darkness and under 

UV-Vis light. 
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In line with previous results, the solutions after the photocatalysis with UiO-66 

materials functionalized with hydroxyl groups display orange to brown dark hues, far 

from the yellow expected for CrVI solutions. Indeed, this deviation from the expected 

orange colour associated to chromate anions is explained by the BDC-(OH)2 and CrIII 

released to the solutions during photocatalysis experiments, in alignment with the 

previous results observed during the chemical stability assessments of UiO-66 and 

MTV-UiO-66 materials by UV-Vis.  

In order to confirm this point, the multivariate samples were dissolved and studied 

by 1H-NMR after their use as photocatalysts. The integration of the 1H-NMR signature 

of hydroxyl, nitro and amino linkers indicates that there is a preferential leaching of 

hydroxyl linkers in comparison to amino and nitro ones; the molar percentage of the 

linkers in the MTV-MOFs changes considerably after their working period, as 

described observed in the Table 3.6. This experiment confirms the preference of 

hydroxyl linkers to be solubilized at acidic conditions, but does not give clues about 

the release of BDC-NO2 struts, in contrast with the observations obtained by UV-Vis 

spectroscopy. Although further research is needed to fully understand this 

counterintuitive difference, it is important to note that the release of zirconium ions 

from the UiO-66 framework could give rise to an additional absorbance of the UV-

Vis signal in the same wavelength range (i.e. < 250 nm) that is used in this work to 

estimate the BDC-NO2 concentration.[108] This would lead to an overestimation of the 

release calculated for BDC-NO2 linkers, but does not refuse the fact that even when 

the stability of UiO-66-NO2 is studied by UV-Vis spectroscopy, a non-negligible 

signal is observed at 250 nm, which confirms the partial release of nitro linkers jointly 

with zirconium ions into the aqueous solutions. In addition, the presence of chromium 

ions, and the illumination during photocatalysis, can alter as well the selective release 

of the linkers studied under ideal conditions in the previous sections. 
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Table 3.6. Molar percentage of BDC-NH2, BDC-(OH)2 and BDC-NO2 linkers in the  

MTV-MOFs before and after their use as photocatalysts. 

Sample BDC-NH2 (%) 
BDC-(OH)2 

(%) 
BDC-NO2 (%) 

 (initial % / after operation) 

UiO-66-NH2-(OH)2 56 / 63 44 / 37 --- 

UiO-66-NH2-NO2 46 /45 --- 54 / 55 

UiO-66-(OH)2-NO2 --- 41/ 35 59 / 65 

UiO-66-NH2-(OH)2-NO2 34 / 39 26 / 16 40 / 45 

 

UV-Vis spectra of powdered UiO-66 materials after CrVI adsorption and CrVI to 

CrIII photoreduction show the common fingerprint bands (~ 37000 cm-1) attributed to 

the ligand-to-metal charge transfer (LMCT) (Figure 3.26). An additional band, located 

around 26500 cm-1, is observed for the materials containing amino or dihydroxyl 

functionalities. This signal is associated with the electron density transfer from the 

dihydroxyl and amine groups to the π* orbitals of the benzene ring; which gives the 

characteristic yellow colour to UiO-66-NH2 and UiO-66-(OH)2. After CrVI adsorption, 

the UV-Vis spectra show additional adsorption bands related to CrVI and CrIII species. 

Cr6+-O2- charge transfer bands for mono-chromate species are found at 35000 and 

27000 cm-1, and in our case, they overlap significantly with the UV-Vis signals 

coming from the MOF materials. The absorption band located around 17000 cm-1 

confirms the presence of CrIII species even after the adsorption stage. Thus, the amine, 

and especially the hydroxyl functionalities incorporated within the UiO-66 

frameworks, trigger the CrVI to CrIII chemical reduction in dark conditions. The 

intensity ascribed to the CrIII UV-Vis signature increases in almost all samples after 

photocatalysis, but especially in UiO-66-NH2, UiO-66-NH2-(OH)2 and UiO-66-NH2-

(OH)2-NO2. This evidence further confirms that during the CrVI to CrIII  

phototransformation, most of the CrIII ions are stabilized within the porous 

frameworks. 
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Figure 3.26. UV-Vis spectra of original samples (dark blue lines), and after CrVI adsorption 

in dark conditions (red line) and under UV-light (light blue lines). 
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The results obtained from EPR spectroscopy support the conclusions drawn by 

UV-Vis spectroscopy (Figure 3.27). For instance, EPR can be used as a 

complementary tool to study the transient CrV and final CrIII species once immobilized 

within the porous structures of the MOFs. Jointly with the information obtained from 

UV-Vis, EPR gives access to obtain a precise description of the chromium 

immobilization and transformation during adsorption and photocatalysis. Regarding 

EPR, three different signals associated with CrIII and CrV species are observed after 

adsorption and photoreduction experiments, as illustrates schematically in the Figure 

3.27a and b[109–111]: 

1. The ƴ-signal is an axially symmetric intense and sharp absorption band located 

around 3400 G. It is usually ascribed to isolated CrV intermediate and highly 

reactive species, which usually exhibit a highly distorted octahedral or pseudo-

pyramidal coordination environment. The ƴ-signal shows a characteristically 

sharp g=1.979 (~ 3390 G) and a weak somewhat diffuse gII 1.961 (~ 3425 G) 

lines. (Figure 3.27b). 

2. The ƍ-signal is a dispersed absorption band (~ 1350, g ~ 5) associated with 

CrIII ions immobilized as isolated species (Figure 3.27a). From an EPR 

perspective, isolated CrIII ions are the ones that are far enough from 

surrounding CrIII to establish strong enough ferro or antiferromagnetic 

interactions. 

3. The ß-signal is a broad isotropic band related to clustered CrIII ions, whose g 

value strongly depends on the size and shape of the chromium clusters. The 

presence of this characteristic EPR fingerprint indicates that the CrIII ions are 

immobilized within the UiO-66 matrix close enough to establish magnetic 

interactions (i.e. CrIII-O-CrIII or CrIII-OH···O-CrIII, (Figure 3.27a). 
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Figure 3.27. (a-b) Illustration of the ƍ, ß and ƴ-signals of the EPR spectra associated to CrIII 

isolated and clustered ions, and intermediate CrV species, respectively. (c-d) Detailed ERR 

spectra after CrVI adsorption for (c) single and (d) multivariate frameworks. (e-f) Detailed 

EPR spectra after CrVI to CrIII photoreduction for (e) single and (f) multivariate frameworks. 

(g-h) ƴ-signal associated to CrV after photoreduction process. 
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After CrVI
 adsorption, the EPR spectrum of single functionalized UiO-66-(OH)2 

shows the most intense ƍ-and ß-signals associated with the immobilization of CrIII 

isolated and clustered species, followed by the EPR-spectra of UiO-66-NH2 and UiO-

66-NO2 (Figure 3.27c). This evidence further points to the capacity of hydroxyl, and 

in less extent amine groups installed within UiO-66 framework, to induce a chemical 

reduction of CrVI to CrIII during adsorption. Multivariate MOFs including hydroxyl 

functionalities also exhibit CrVI to CrIII chemical reduction capacity, as derived from 

their EPR spectra. After adsorption, CrIII ions are mainly stabilized as isolated ions 

within the porous framework (ƍ-signal – Figure 3.27f). Once illuminated, the intensity 

of the ß-signal associated with CrIII clustered species increases for all the studied 

materials, but especially for MTV-UiO-66 exhibiting good CrVI to CrIII  

photoreduction activity (Figure 3.27d and g). Overall, the presence of the EPR signals 

associated to CrIII ions confirm that they are immobilized within the MOF’s pore 

structure after photocatalysis, preventing their migration to the water media during 

the experiments. 

Regarding the ƴ-signal associated to CrV transient species, this is mainly found in 

the EPR spectra at -NO2 and -NH2 single variants of UiO-66 (Figure 3.27e), as well 

as at bi-functional UiO-66-NH2-NO2 multivariate MOF. Although UV illumination 

slightly reduces the intensity of the ƴ-signal associated with CrV, it is still clearly 

visible after photocatalysis (Figure 3.27h). In comparison, any incorporation of 

hydroxyl groups within the frameworks, even in the case of the trifunctional UiO-66-

NH2-(OH)2-NO2 material, gives rise to the disappearance of the ƴ-signature associated 

to CrV (Figure 3.27e and h). A possible hypothesis is that the presence of electron 

donor functionalities (i.e. dihydroxyl or amino) destabilize the intermediate and 

highly reactive pentavalent chromium, quickly reducing it to CrIII. This is a crucial 

observation when MOF materials are applied for water remediation purposes since 

pentavalent ions are even more reactive and hazardous than CrVI. It is important to 

highlight that CrVI is silent by EPR, so despite that the presence of CrIII and CrV has 

been duly confirmed by this technique, the evidence does not preclude the fact that 

hexavalent chromium is concurrently stabilized with CrVI and CrIII ions within the 

MOFs after operation, as detailed by UV-Vis analyses. 
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Mechanisms for the chemical and photocatalytic transformation and 

immobilization of CrVI to CrIII 

The description of the overall transformation of CrVI species immobilized within a 

porous matrix needs to consider that the modification of the chromium oxidation state 

is linked to variation in its coordination environment (Figure 3.28a). Overall, CrVI, 

stabilized as CrO4
2- chromate anions, gains three electrons and incorporates two 

hydroxyl or water molecules within its coordination environment during its reduction 

to CrIII. During this process, the highly reactive and transient intermediate CrV species 

are formed as well, as proved by EPR. As CrV is usually stabilized as a five or six-

coordinated species, during the chromate reduction to CrV, at least a water molecule 

needs to be incorporated within the coordination sphere of the chromium ions (Figure 

3.28a). 

The first step of the immobilization and transformation of CrVI to CrIII into the  

UiO-66 frameworks is the adsorption of chromate anions (Figure 3.28b). Two 

possible mechanisms explain chromate adsorption capacity of the UiO-66 

frameworks, their covalent immobilization to the linker defective positions located at 

the zirconium hexanuclear clusters, or their electrostatic interaction with hydroxyl, 

but especially, with amine protonated groups. Reached at this point, two possible 

paths for the CrVI to CrIII reduction are possible: (i) photocatalysis and (ii) chemical 

reduction.[112] The chemical encoding of the UiO-66 frameworks determine the 

efficiency and combination of the separated paths. 

During photocatalysis, the light harvesting capacity of the UiO-66 frameworks (i.e. 

band gap) promotes the electron and holes separation, but their posterior conduction 

and transfer to the chromium ions is governed by the photoconduction efficiency of 

the materials (Figure 3.28c.1). At this point, the chemical variance of MTV materials 

makes the difference, because the incorporation of electro donor and withdrawing 

groups within the same framework improves the photoconduction and fasten the CrVI 

to CrIII phototransformation. The chromate anions stabilized within the porous 

scaffold are steadily reduced to CrV and CrIII while are immobilized into their 

adsorption position (Figure 3.28c.2). As the photocatalytic transformation of CrVI to 

CrIII evolves, the CrVI to CrIII photoreduction process is repeated leading to the 
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clustering of CrIII ions within the framework (Figure 3.28c.3). It is important to note 

at this point that if the single or MTV-UiO-66 lacks hydroxyl groups, transient CrV 

species will be stabilized within the material after operation. 

 

Figure 3.28. CrVI to CrIII chemical and photoreduction mechanisms in MTV-UiO-66 dual 

sorbent/photocatalysts. (a) Overall CrVI to CrIII reduction. (b) Adsorption mechanisms for 

CrVI oxyanions within the MTV-UiO-66 frameworks. (c.1) light triggered generation of e- 

and holes and the concurrent e- transfer from the UiO-66-R framework to CrVI. (c.2-c.3) 

Evolution of the chromium species into the porous frameworks during photocatalysis. (d.1) 

Electrostatic interaction between hydroxyl groups and CrVI ions. (d.2) Chemical reduction 

of CrVI to CrIII and their stabilization into electron rich quinone groups. (d.3) Chromium 

speciation within the UiO-66 framework after the chemical reduction of CrVI to CrIII. 
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In contrast, when hydroxyl functionalities are encoded in UiO-66, the CrVI 

adsorption process (Figure 3.28b and d.1) is coupled to its chemical reduction to CrIII 

via electron rich quinone groups coming from hydroxyl functionalities (Figure 

3.28d.2). For instance, in addition to the EPR maxima associated to chromium, the 

presence of a small EPR signal that could be tentatively ascribed to an organic quinone 

radical in the hydroxylated materials has been found as well. Finally, as the chemical 

reduction, or its combination with photocatalysis, evolves, chromium ions are 

stabilized as clustered CrIII ions with the frameworks (Figure 3.28d.3). Regardless if 

photocatalysis, chemical reduction or their combination is the process that triggers the 

CrVI transformation to CrIII, the presence of hydroxyl ions is key to destabilize CrV 

transient species and transform them into CrIII ions. This does not preclude the 

presence of CrVI and CrIII ions within dihydroxyl-functionalized frameworks, but the 

absence of highly reactive and toxic CrV. 

 

3.2.3. CONCLUSIONS 

In this work, multivariate functionalization of Zr-UiO-66 framework with -NH2, -

(OH)2 and -NO2 functional groups has been used to create a new MOF material with 

enhanced CrVI and CrIII adsorption capacity and excellent CrVI to CrIII photoreduction 

efficiency. 

The integral functionalization of UiO-66 frameworks has given rise to a synergistic 

enhancement of the band gap, photoconduction and photocatalytic efficiency of the 

multivariate frameworks, which exceed properties of the single functionalized 

materials. 

Trifunctional UiO-66-NH2-(OH)2-NO2 exhibits; (i) 99% CrVI to CrIII  

photoreduction in two hours, (ii) photocatalysis and adsorption kinetics nearly  

as good as the UiO-66-(OH)2 framework, (iii) great capacity to retain the  

phototransformed CrIII ions within the framework, (iv) only negligible amounts of the 

highly reactive and hazardous CrV intermediate species after operation. 

MTV-reticular chemistry has been revealed as a limited tool to control the thermal 

and hydrolytic stability of UiO-66 type frameworks. Nevertheless, our findings can 
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open the avenue to control the selective leaching of the linkers from multivariate UiO-

66 frameworks to generate defects in these materials. 

Overall, multivariate reticular chemistry has shown to be an outstanding tool to 

tune the physico-chemical properties of UiO-66 frameworks in environmental 

applications, a strategy that can be easily adapted to other research fields such as 

controlled adsorption/desorption of target molecules i.e. drugs, modulation of 

optoelectronic properties, or controllable MOF degradation profiles under specific 

surrounding biological conditions, or multivariate catalytic pockets approaching the 

ones of enzymes. 
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Chapter 4  
Post-synthetic Modification of  MOFs for 

Metal-Chelator like traps design 
 

The selective adsorption of metal ions from aqueous solutions is a pivotal process 

for environmental remediation,[1] but it is also a technology of paramount importance 

for metal separation purposes. The recovery and purification of metal ions from 

polluted water sources are increasingly gaining importance within the concept of a 

closed loop circular economy. In this sense, metal-chelating agents and adsorbents are 

the simplest, cost efficient and flexible (in terms of design/operation and regeneration) 

technologies applied for the metal ions capture, separation and purification 

purposes.[2]  

On one hand, chelation is a type of bonding of chelating agents to metal ions that 

involves the formation of two or more separate coordinate bonds between a 

polydentate (multiple bonded) ligand and a single central metal atom.[3,4] The 

efficiency and selectivity of the chelation-based solvent extraction of a metal depends 

on the coordination chemistry behind the process and the chemical structure of the 

chelator itself.[5,6] Although engineering of these polydentate molecules has great 

flexibility, solvent extraction makes the recovery of the metal-chelator complexes 

time and energy consuming, and even environmentally unfriendly for specific 

applications. On the other hand, adsorption has attracted considerable attention due to 

its simplicity and cost efficiency.[7] Classic sorbents as zeolites[8], clays[9] or activated 

carbons[10], although easier to recover and reactivate than soluble metal-chelators, 

suffer from low adsorption capacity[11] and selectivity due to their limited chemical 

tailorability. 

One of the multiple approaches to replicate the metal binding modes of organic 

chelators in solid porous materials is the chemical encoding of a particular class of 

Metal-organic frameworks (MOFs) holds enormous promise.[12–15] Thanks to their 

impressive porosity metrics (e.g. large surface area, a big pore volume/window…), 

and their versatility to be encoded with specific functionalities, the MOFs have been 
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successfully applied to capture or separate metal ions from different aqueous media 

(e.g. polluted freshwater, seawater or acid leachates).[16–19] Solvent assisted ligand 

exchange (SALE) and solvent assisted ligand incorporation (SALI) are two of the 

most facile and versatile experimental protocols to anchor metal-chelating motifs into 

MOFs.[20–24] In SALE, the structural linkers coordinated to the clusters are replaced 

with alternative linkers, while in SALI, labile, non-structural inorganic linkers are 

replaced with functional organic or inorganic functions.[25] 

Among the varied MIII and MIV MOFs that have stand out because of their great 

water stability even in acidic media, MOF-808 has opened the perspective to an easy 

installation of small to bulky functionalities, while preserving long range order of the 

backbone structure. MOF-808 has attracted considerable attention for metal 

adsorption in wastewater due to its strong metal-ligand bonds, the great pore diameter 

(18 Å), and the relatively labile formate ligands in the cluster, which allows post-

synthetic modification by SALI.[20] Thanks to this technique, different functionalities 

can be introduced in the clusters, replacing the formate molecules without destroying 

the crystalline structure of the MOF, which allows creating a chelator type center 

(Figure 4.1). In fact, the metal ion adsorption capacity of MOFs is not only dependent 

on their overall porosity, but on the nature and density of the functional group 

decorating their interior surface.[26–28] 

 

Figure 4.1. (a) Illustration of hard, borderline and soft metal-chelator like traps within the 

MOF-808 scaffold. (b) Illustration of a tentative placement of the mercaptosuccinic 

molecules into the MOF-808 pore space and their coordination to HgII. (c) Coordination 

modes of dimercaptosuccinic acid (DMSA) chelators over HgII ions. 
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4.1. AMINO ACID AND NATURAL ACID DECORATION OF MOF-808 FOR HEAVY 

METAL ADSORPTION 

Some studies have already explored the post-synthetic modification of MOF-808 

to enhance its metal adsorption properties. Just as a relevant example, Y. Peng et al.[7] 

have successfully installed the well-known ethylenediaminetetraacetic acid (EDTA) 

chelator into the MOF-808 structure endowing the material of impressive adsorption 

capacity towards a broad scope of metal-ions with varied acidities. Even though  

MOF-808@EDTA lacks strong selectivity over the capture of a specific ion, the 

adsorption experiments performed in a continuous flow with a multielement solution 

pointed that the breakthrough volume of the MOF-808@EDTA column was 

dependent on the metal acidity, suggesting that alternative encodings of the pore space 

of the MOF-808 may lead to a stronger column breakthrough dispersion of the metal-

ions. 

As a general rule, the density and the hard/soft nature of the metal binding functions 

encoded in the MOFs’ pores determine their metal ion adsorption capacity and 

affinity.[26–30] Thus, in this work we have explored the pore space functionalization of 

MOF-808 scaffold with amino acids (i.e. histidine, cysteine and asparagine) and 

natural acids (i.e. malic acid, mercaptosuccinic acid, succinic acid, fumaric acid and 

citric acid) having residual groups of different natures in order to replicate metal-

chelator like traps and fine-tune the metal-ion adsorption specificity of the parent 

MOF-808 material.[30,31] The MOF-808@amino acid system has been explored and 

expanded very recently by J. Baek et al. [12] and H. Lyu et al.[32]. The first authors 

studied the decoration of the MOF-808 pore space with histidine functions, metalizing 

the system to engineer a pseudo-enzymatic like copper oxidase. The authors were able 

to incorporate three histidine molecules per cluster via an organic solvent SALI 

protocol. H Lyu et al. have extended very recently the MOF-808@amino acid system 

to glycine, sarcosine, L-alanine, DL-alanine, (R)-3-aminobutanoic acid, (RS)-3-

aminobutanoic acid, L-isoleucine, L-serine, L-histidine, L-threonine and DL-lysine 

by applying a water SALI protocol with optimized temperature and concentration 

conditions to achieve the higher degree of functionalization of MOF-808 as possible. 

H. Lyu et al. installed from 2 to 4 amino acid molecules per cluster (except for MOF-
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808@glycine materials) by modulation the concentration of the amino acid and the 

temperature of the media during the SALI. These results are very similar to the one 

obtained in our work, but still different when comparing the four histidine molecules 

per cluster of this investigation with the 5 molecules per cluster incorporated in our 

study. These differences tell us how sensitivity could be the SALI functionalization 

to experimental conditions as the reactor volume or the concentration of the MOF 

dispersion into the media. 

The chemical structure and the molecular size of the amino acids and natural acids 

functions have been selected in order to engineer a MOF-808 pore space able to act 

as a multidentate chelator for metal ions. The chemical stability of the functionalities 

installed by SALI has been assessed simulating the acidity and anion strength 

conditions that could be found in natural waters (i.e. arsenic polluted water of the 

north of Chile),[33] acid waters (i.e. wastewater coming from mining or industrial 

activities),[34] and water media with high anionic strengths (i.e. acid-waters from 

phosphor-gypsum deposits)[35]. Finally, the specificity of adsorption has been tested 

in batch and continuous flow conditions in single and multielement solutions. The 

metal-binding modes of the most promising MOF-808@cysteine variant have been 

identified by a combination of electron paramagnetic resonance and inelastic neutron 

spectroscopies. 

 

4.1.1. EXPERIMENTAL PROCEDURE 

Synthesis and post-synthetic functionalization of MOF-808 

Trimesic acid (BTC) (2.1 g, 10 mmol) and ZrOCl2·8H2O (9.7 g, 30 mmol) were 

dissolved in two dimethylformamide (DMF)/formic acid solutions (225 mL/225 mL 

each) and mixed in a 1-L screw-capped glass jar. Afterwards, the reaction was 

performed at 130 °C for 48 h in an isothermal oven.[36] The white precipitate was 

collected by centrifugation and washed 4 times with DMF (100 mL x 2) and MeOH 

(100 mL x 2) over a period of 24 h. The sample was then activated at 80 °C for 24 h 

and stored at room conditions into a sealed vial. 
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Solvent assisted ligand incorporation (SALI) was performed with water solutions 

of eight natural acids and amino acids: L-asparagine (Asp), L-histidine (His) 

mercaptosuccinic acid (Msc), L-cysteine (Cys), succinic acid (Suc), fumaric acid 

(Fum), L-malic acid (Mal), and citric acid (Cit). Starting with L-cysteine, the 

concentration of the solution was screened (0.15, 0.10 and 0.05 M) at a temperature 

of 60 ºC monitoring the crystallinity of the XRD patterns and the trimesic acid 

(BTC)/cysteine molar ratio in the compounds by 1H-NMR after the functionalization. 

We selected the following optimized conditions to achieve the higher 

functionalization degree as possible while maintaining the crystallinity of the MOF-

808 after the SALI. A more detailed information about the post-synthetic 

functionalization protocol is described in the main results and discussion section.  

 

Optimized conditions for (amino) acid functionalization of MOF-808 

300 mL of 0.05 M water solutions of the (amino) acids were prepared in a 500 mL 

autoclave at 60 °C. MOF-808 (600 mg) was dispersed under continuous stirring 

during 1h in the (amino) acid solution and heated at 60 °C for 24 h in an isothermal 

oven. MOF-808@(amino) acid was recovered by centrifugation (x 6500 rpm), washed 

3 times with 100 mL water (12 h each) and then with 100 mL methanol other 3 times 

(12 h each). Finally, the samples were dried at 80 °C overnight (12 h) and stored in a 

desiccator. 

 

MOF-808 general characterization protocols 

MOF-808@(amino) acids were characterized by X-ray diffraction, infrared 

spectroscopy, thermogravimetry and N2 sorption at 77 K. The presence and 

quantification of the (amino) acid functionalities was performed by 1H-NMR 

spectroscopy. To this end, 20 mg of the samples were digested in 0.7 mL of NaOH 

deuterated solution (1 M) overnight. The mixture was centrifugated at 7000 rpm. The 

solution was recovered carefully with a syringe, preventing the uptake of powdered 

material settled at the bottom of the centrifuge tube. 
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Once the 1H-NMR spectra were acquired, the (amino) acid content per formula unit 

was calculated by integrating the signals associated to the (amino) acids, and 

fingerprint peak (8.26 ppm) associated to the trimesic acid molecules. The MOF 

functionalization and the posterior 1H-NMR quantification of the BTC:(amino) acid 

molar ratio has been done by triplicate in order to evaluate the accuracy that can be 

achieved by replicating the experimental protocol.  

0.08 linker defects per formula unit have been calculated for the parent MOF-808 

material by the analysis of the last weight loss of the TGA curve (see Chapter 2, 

section 2.2.5. for detailed information). The strong overlapping of the thermal release 

of the (amino) acid functions and the trimesic acid calcination observed in the TGA 

measurements of MOF-808@(amino) acid samples, hinders elucidating if additional 

trimesic linker defects have been generated during the (amino) acids incorporation to 

the porous framework of MOF-808. It has been assumed that the trimesate defects in 

MOF-808@(amino) acid samples is close to the one calculates for the parent MOF-

808 material, although some degree of linker displacement by (amino) acid molecules 

could occur during the functionalization process. The charge neutrality of the 

chemical formulas was achieved by balancing the (amino) acid and formate content 

on the basis of the data obtained from 1H-NMR, and balancing the additional positive 

unbalanced charges arising from linker defective sites in the clusters, with one 

hydroxyl and one water molecule per position. For di-topic or tri-topic carboxylates 

as fumaric, succinic, malic, mercaptosuccinic and citric acids it has been assumed that 

the carboxyl groups not coordinated to the clusters are protonated. 

 

MOF-808@(amino) acid chemical and thermal stability 

The chemical stability of (amino) acid functionalities incorporated to the MOF-808 

was assessed by immersing 100 mg MOF-808@(amino) acid in 100 mL water 

solutions with pH values of 4, 3 and 2. Afterwards, the samples were characterized by 

powder X-ray diffraction and 1H-NMR spectroscopy in order to (i) inspect if the long-

range order of the crystal structure is maintained or altered in some degree, and (ii) to 

quantify if the BTC:(amino) acid molar ratio varies in comparison to the one of the 

initial MOF-808@(amino) acid. 
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Thermal stability of the samples was studied by means of thermogravimetric and 

thermo-diffraction measurements. The experiments were performed with the same 

weight of sample, as well as equal heating conditions. A peak fit approach was applied 

to treat the X-ray diffraction data obtained from the thermo-diffraction experiments. 

By fitting the (311) diffraction maxima, the thermal evolution of the cell parameters, 

X-ray diffraction maxima broadening and intensity loss during the MOF-(amino)acid 

thermal collapse were monitored. 

 

Metal adsorption screening 

The adsorption affinity of the MOF-808@(amino) acid frameworks over metal ions 

with varied acidities (i.e. Z+/r2) was determined performing adsorption tests in single 

metal aqueous solutions with a concentration of 100 ppm. MOF-808@(amino) acids 

(10 mg) were dispersed in 5 mL - 100 ppm water solutions of HgII, PbII, CdII, CuII, 

NiII, EuIII, CrIII or CrVI. The dispersion was stirred overnight (12 h) under isothermal 

(21 °C) and dark conditions. After adsorption equilibrium was reached, the dispersion 

was centrifuged (x 700 rpm) and filtered with a nylon syringe filter (Branchia, pore: 

0.22 µm, diameter: 25 mm). Finally, 3 mL aliquots were taken, acidified with 100 µL 

of HNO3 and measured after dilution to the proper metal concentration range with an 

ICP-AES Horiba Yobin Yvon Activa.[26,37] Adsorption capacity of MOF-

808@(amino) acid samples was determined on the basis of Equation 4.1: 

𝑄𝑒 =
([𝑀]𝑖−[𝑀]𝑓)·𝑉

𝑚
     (4.1) 

where [M]i and [M]f are the metal initial and final concentrations, V is the volume of 

the solution and m is the mass of adsorbent. 

 

Competitive adsorption experiments 

Competitive adsorption experiments were performed in a multielement solution of 

soft (HgII, PbII), intermediate (CdII, CuII, NiII) and hard metal ions (EuIII, LaIII, YIII, 

CrIII), each of them in a concentration close to 10 ppm. Although the concentration of 

the metals in the multielement solutions applied in competitive adsorption 
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experiments are usually tailored to the ones observed in the final scenarios of 

application (e.g. recovery of rare-earth elements (REEs) from acid polluted waters, 

capture of Pd-ions from radioactive wastewater…), we decided to use the same 

concentration for all the metals in order to confirm if the adsorption affinity observed 

in the metal adsorption screening experiments is maintained in a complex mixtures 

containing multiple ions. The metal-ion adsorption selectivity was evaluated 

determining the distribution coefficient Kd for each metal, as described in the Equation 

4.2: 

𝐾𝑑 =
𝑉

𝑚

(𝐶0−𝐶𝑒)

𝐶𝑒
          (4.2) 

where, V is the volume of the solutio, m is the mass of the adsorbent and C0 and Ce 

are the concentration of the metals in the solution at the initial and equilibrium points 

of the adsorption, respectively. 

The separation factor (SF) was calculated as described by the Equation 4.3 to 

identify the MOF-808@(amino) acid sorbents that could be applied to separate ions 

from the multielement solutions with factors of at least above three between two 

different ions. 

𝑆𝐹 =
𝐾𝑑
𝐴

𝐾𝑑
𝐵     (4.3) 

where 𝐾𝑑
𝐴 and 𝐾𝑑

𝐵 are the distribution factors for the metals A and B respectively, 

calculated for the same adsorbent material. 

 

Continuous flow metal-ions separation with MOF-808@(amino) acid 

columns 

When designing continuous flux adsorption experiment, it is necessary to integrate 

the MOF in a highly permeable chromatographic column that at the same time 

maximizes the contact between the aqueous solution and the active MOF sorbent. 

First, the protocol described by Rapti et al.[38] was followed to assemble a MOF-

808@(amino acid)/sand (15% w/w: 150 mg of MOF dispersed in 1500 mg of sand) 

based chromatographic column. The mixture was homogenized and packed in a glass 
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column of 0.25 cm inner diameter, and approximately 1.5 cm height. A peristaltic 

pump was used to control the flux of the multi-metal solution through the column at 

0.5 mL per minute. The multielement solution was prepared as described in the 

previous section. Aliquots from the output-solution where taken approximately each 

60 min of the experiment, until the complete breakthrough of the column was achieved 

by most of the metals of the multielement solutions. The concentration of the metal in 

the input and output solutions were monitored by ICP-MS. Variance of the 

concentration of the metals was normalized taking into account their initial 

concentration.  

The final data was fitted to the Thomas model (Equation 2.16) described in the 

Chapter 2, section 2.3.2. The mathematical models such Thomas are used to describe 

a dynamic behavior of the pollutants capture in a fixed-bed column assuming 

negligible external and internal diffusion limitations.  

 

Adsorption isotherms and kinetics 

Adsorption isotherms were obtained for PbII, CdII and HgII using MOF-808@Cys 

and MOF-808@His samples. The experiments were conducted with 10 mg MOF-

808@amino acid dispersed in 5 mL of metal solutions with different concentrations 

from 1 to 2000 ppm. The solutions were put under magnetic stirring overnight (12 h) 

until adsorption equilibrium was reached. After that, the suspension was removed with 

a hydrophilic 0.22 μm filter, it was acidified for its stabilization, and finally it was 

analyzed by means of ICP-AES. 

Adsorption capacity for each point of the isotherm curve was determined on the 

basis of Equation 4.1. Adsorption isotherms were fitted to Langmuir and Freundlich 

models (Equations 2.7 and 2.8 in Section 2.3.1).[39–41] Adsorption kinetics curves were 

obtained as well for PbII and HgII. To this end, 10 mg of MOF-808@amino acid was 

dispersed in a 5 mL – 100 ppm water solution of the metal ion and further stirred 

under isothermal and dark conditions. The adsorption process was stopped at different 

time intervals (5 – 1400 min) by removing the MOF sorbent through centrifugation 

(6500 rpm, 3 min). The solution was further filtrated with a hydrophilic 0.22 μm filter, 
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acidified with 100 µL 0.1 M HNO3, and analyzed by ICP-AES after its dilution (if 

necessary). Bangham model was applied to fit the experimental data (Equation 2.9 in 

Section 2.3.2).[42,43]  

 

Metal adsorption at natural conditions 

The metal adsorption efficiencies of MOF-808@(amino) acid samples for HgII, 

PbII, and CdII were evaluated in metal concentrations ranges close to these ones found 

in polluted water sources (1 ppm). In this experiment, the initial and final metal 

concentrations of the heavy metals were determined with ICP-MS. 

 

4.1.2. RESULTS AND DISCUSSION 

MOF-808 functionalization 

Microcrystalline MOF-808 was synthesized as reported in previous works,[36] and 

the formate ligands exchange performed directly with an aqueous solution of the 

(amino) acid molecule at a moderate temperature and concentration of the solution 

(60 ºC, 0.05 M). L-cysteine was selected as a model amino acid to establish the SALI 

conditions due to its high solubility in water. The volume of the cysteine aqueous 

solution and the concentration of the MOF-808 dispersion into the media were fixed 

to the values reported in the experimental section. 

In parallel, the concentration of the cysteine solution (0.05, 0.10 and 0.15 M) was 

varied to identify the best conditions in terms of the number of cysteine molecules 

installed per formula unit and the crystallinity of the MOF-808@Cys. To this end, the 

materials after each functionalization cycle were characterized by X-ray diffraction 

and 1H-NMR. First, we noticed a concentration and temperature dependence for the 

SALI in MOF-808 up to a maximum of four cysteine molecules incorporated per 

formula unit. 

When the cysteine-SALI ideal protocol (80 ºC and 0.15 M cysteine solution) was 

applied for citric acid, it induced a structural collapse of the MOF-808 framework. 

Therefore, gentler conditions (60 ºC and 0.05 M citric acid solution) are necessary to 
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establish a common protocol for all the amino acid functionalities selected to perform 

this study. This finding suggests that above a certain temperature and concentration 

of the (amino) acid solution the citric acid molecules are able to displace the trimesate 

pillars of the structure, leading to its collapse. 

As revealed recently by W. Zhang and co-workers,[44] the MOF-808 post-synthetic 

functionalization is a pKa‑directed process, where acid groups with pKa lower than the 

pKa of the carboxyl groups of trimesic acid, induce the collapse of the framework. 

Nevertheless, other factors apart from the pKa, such as the number of acid groups in 

the molecules incorporated to the framework, may play as well an important role 

during its collapse, as is the case of citric acid protocol studied in this work. Although 

the acidity of the carboxyl groups of citric acid (pKa1 = 3.13, pKa2 = 4.76, pKa3 = 6.39, 

6.40) are lower than this of the cysteine (pKa= 1.91), the same conditions induce 

significant degradation of MOF-808 by citric acid functionalities, while not by the 

cysteine. We found a similar result when more acidic sulfonic or phosphonic acids 

were used to encode the MOF-808 at 60 ºC. If the temperature of the functionalization 

process was softened to 21 ºC, it was possible to anchor to the MOF-808 very acidic 

nitrilotris(methylene)tryphosphonic acid (pKa = 1.09) molecules, with a pKa value of 

the phosphonic groups much lower than the threshold marked by the pKa of the 

trimesate linkers.[44] 

The samples were characterized as well by means of X-ray diffraction, IR-

spectroscopy, N2 adsorption isotherms at 77 K and thermogravimetric measurements. 

The successful formate substitution was confirmed by 1H-NMR of the digested 

samples. The final formula for MOF-808@(amino) acids were obtained taking into 

account the BTC:(amino) acid molar ratio obtained by H1-NMR, and the trimesic 

linker defect of the parent MOF-808 determined from the weight loss processes 

observed in the TGA measurements. As concluded by these analysis, 3 to 5 of the six 

available sites per cluster where replaced by (amino) acid functionalities (Table 4.1). 
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Table 4.1. Chemical formula for MOF-808@(amino) acid samples. 

 Formula Cluster:AA* 

MOF-808 Zr6O4(OH)6.58(H2O)2.58(C9O6H3)1.92(HCOO)3.5 -- 

Asp Zr6O4(OH)7.19(H2O)2.19(C9O6H3)1.92(HCOO)1.25(C4H7N2O3)3.40 1:3.4(4) 

His Zr6O4(OH)4.44(H2O)0.44(C9O6H3)1.92(HCOO)0.8(C6H8N3O2)5.00 1:5.0(3) 

Msc Zr6O4.0(OH)5.94(H2O)1.94(C9O6H3)1.92(C4H5O4S)4.30 1:4.3(4) 

Cys 
Zr6O4.0(OH)5.89(H2O)1.89(C9O6H3)1.92(HCOO)0.7(C3H6NO2S)3.6

5 
1:3.7(2) 

Suc Zr6 O4.0(OH)6.79(H2O)2.79(C9O6H3)1.92(C4O4H4)3.45 1:3.5(3) 

Fum Zr6 O4.0(OH)6.74(H2O)2.74(C9O6H3)1.92(C4O4H2)3.36 1:3.4(2) 

Mal Zr6 O4.0(OH)5.64(H2O)1.64(C9O6H3)1.92(HCOO)0.25(C4H5O5)4.60 1:4.6(4) 

Cit Zr6 O4.0(OH)7.06(H2O)3.06(C9O6H3)1.92(HCOO)0.4(C6H7O7)2.78 1:2.8(4) 

*AA= (amino) acid 

X-ray diffraction data confirmed the chemical stability of the framework after its 

(amino) acid decoration (Figure 4.2a). Meaningful displacement of intensity 

variations of the diffraction maxima have not been observed. These lack of 

disturbance of the X-ray diffraction signal evidences that the crystal structure of 

MOF-808 remains mostly unaltered after SALI, and hence, that the (amino) acid 

molecules exhibit a large degree of disorder within the mesopores. These 

experimental results are in line with the single crystal X-ray diffraction study 

performed by Baek et al.[12] for the histidine modified homologue compound; where 

a highly dispersed electron density map could be attributed to the amino acid 

molecules at the pore space of the highly symmetric zirconium trimesate framework. 

The IR spectra of the samples (Figure 4.2b) show the additional bands associated 

to the vibrational modes of the (amino) acid functionalities (i.e. -SH, -NH2, -COOH). 

Particularly noteworthy is the absence of the ʋest(C=O) vibrational mode  

(~ 1700 cm-1) for mono-carboxylate amino acids (i.e. His, Asp and Cys). The 

deprotonation of the carboxyl groups during SALI indicate that this bridging group 

links the amino acids to the zirconium oxo-clusters of the MOF-808 framework, as 

corroborated in previous studies by single crystal X-ray diffraction.[28] In contrast, di-

carboxylate (i.e. Suc, Fum, Mal and Msc) and tri-carboxylate (i.e. Cit) acids are 

predicted to bind to the zirconium clusters only via one of their carboxylate groups, 
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while non-connected carboxyl residues will remain protonated, as confirmed by the 

IR absorption band associated to the ʋest(C=O) vibrational mode.[45–47]  

 

 

Figure 4.2. (a) IR spectra, (b) XRD patterns, and (c) 1H-NMR spectra of the digested MOF-

808 samples with L-asparagine, L-histidine, mercaptosuccinic acid, L-cysteine, succinic 

acid, fumaric acid, malic acid and citric acid functionalities. 

 

As revealed by N2 adsorption isotherms at 77 K, the porosity was preserved after 

the functionalization process. A reduction of the BET surface area and pore diameter 

is associated as a consequence of the MOF chemical encoding (Figure 4.3), but 

mesopore space is still highly available after the amino acid decoration of the 

framework. 
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Figure 4.3. Nitrogen adsorption isotherms at 77 K. 

 

MOF-808@(amino) acid structure 

MOF-808 is built from cuboctahedron Zr6O4(OH)4(−COO)12 clusters connected to 

six homologue inorganic units through benzenetricarboxylate (BTC) linkers (Figure 

4.4a-b).[48] The spatial arrangement of the inorganic and organic building blocks into 

the MOF-808 structure generates a three-dimensional framework with adamantane 

shaped pores of a 18 Å diameter.[7] The zirconium clusters are located at the vertices 

of the hexagonal shaped gates that give access to the inner space of the adamantane 

pores. The six equatorial plane positions of the clusters are coordinated by six formate 

groups that point to the center of the pore window. The metrics of the MOF-808 pore 

entrance are ideal to replace the formate anions and install small to medium size-

molecules, as illustrated in the Figure 4.4c.[7,36,49] This is the case of the eight natural 

acids (i.e. succinic (Suc), fumaric (Fum), citric (Cit), L-malic (Mal) and 

mercaptosuccinic (Msc) acids), and amino acids (L-asparagine (Asp), L- histidine 

(His) and L-cysteine (Cys)) that we have selected to decorate the pore space of the 

MOF-808 in this research (Figure 4.4c). 
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Taking into account the bridging modes observed for carboxylate and amino acid 

molecules installed into the MOF-808 structure in previous works,[7] we have 

constructed tentative structural models for MOF-808@(amino) acid variants 

assuming that (i) the most acid carboxyl group of the (amino) acid is the one that binds 

the zirconium oxo-clusters, (ii) the (amino) acid coordinated the zirconium clusters 

via its carboxyl group, and (iii) the (amino) acids are spatially arranged (i.e. bond 

distances, angles and torsion angles) to prevent unreasonable contacts between them 

within the pore space.[12] Even though the models lack the backup of single crystal X-

ray diffraction experimental data, they aid to visualize and analyse the possible 

disposition of the (amino) acids within the pore space after the SALI, and the possible 

distances between the functional groups of adjacent molecules that could bind the 

same metal-ion during adsorption. 

 

Figure 4.4. (a) Simplified structure of amino-acid like residues. (b) Installation of amino 

acid functionalities by solvent assisted exchange into MOF-808 scaffold. (c) Illustration of 

the pore environment of MOF-808 after its decoration with L-asparagine (Asp), L-histidine 

(His), mercaptosuccinic acid (Msc), L-cysteine (Cys), succinic acid (Suc), fumaric acid 

(Fum), L-malic acid (Mal), and citric acid (Cit). 
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It is important to point that, at a first sight, the chemical and conformational 

flexibility of succinic, fumaric, malic, and mercaptosuccinic molecules may lead to 

the impression that they could act as bidentate linkers connecting two of the open sites 

of the same Zr6 clusters. Nevertheless, the geometric disposition and the distance 

between the uncoordinated positions at the zirconium clusters makes that even in a 

highly distorted configuration, these C4 acids are far to bind the two adjacent linker-

defective positions of the same zirconium cluster. Even in the case of a highly 

distorted C5 molecule as citric acid, the free carboxyl molecules are far to bind two 

adjacent positions of the same cluster. It is important to note as well, that the same 

SALI process could induce to some extent the displacement of some of the trimesate 

linkers by amino acids or C4 and C5 acids used in this study without destabilizing the 

framework. 

At a first sight, the metal capture within the (amino) acid decorated pore space of 

MOF-808 could occur via (i) a single molecule – metal coordination, or (ii) 

cooperatively, when two or more (amino) acid molecules binds the same metal ion. 

Single (amino) acids can coordinate metals in monodentate -µ1 or bidentate -µ2 

fashions (Figure 4.5). Instead, a cooperative metal-adsorption will depend on the 

chemical conformation and disposition of the amino acids within the MOF-808. For 

example, for C3 and C4-molecules anchored to opposite clusters within the framework, 

even if they acquire a trans conformation, distance between the pedant groups 

pointing to the pores would range from 7 to 9 Å approximately. This distance is too 

long to generate (amino) acid-metal-(amino) acid bridges during adsorption. Contrary, 

the distance of the binding groups pointing to the pore space of the MOF-808 in C3 

and C4-molecules anchored to adjacent clusters could be short enough (3-5 Å) to trap 

metals in a bidentate fashion (Figure 4.5d). The imidazole groups of histidine 

molecules installed in opposite positions within MOF-808 pore window exhibits an 

imidazole – imidazole distances (i.e. 4.5 – 5.5 Å) in the range of many metal-

imidazole compounds found in the Cambridge Structural Database. A similar scenario 

is found for MOF-808@Cit compound, where the distance and conformational 

flexibility of citrate anions open the perspective to found carboxyl-carboxyl distances 

within the ranges of the ones found in monomeric, dimeric or trimeric metal-

carboxylates. 
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Figure 4.5. Schematic representation of (a) single cysteine and (b) two cysteine molecules 

coordinating metals in a monodentate fashion. (c) Single cysteine and (d) two cysteine 

molecules coordinating metals in a bidentate fashion. 

 

Thermal and Chemical stability 

The assessment of thermal and chemical stability of MOF-808@(amino) acids is 

key establishing their window of applicability. Thermogravimetric curve for MOF-

808 (Figure 4.6) shows three weight loss stages associated to: (i) the water release (30 

– 100 °C), (ii) the loss of formate groups and dehydration and dihydroxylation of the 

zirconium clusters, (125 – 300 °C) and (iii) the calcination of the trimesate bridges 

(425 – 550 °C). As reported by Shearer et al.,[50] the zirconium hexanuclear clusters 

of the UiO-66 structure are completely dehydrated and dehydroxylated at 400 ºC. 

Thus, the linker deficiency of this zirconium MOF can be calculated by considering 

the chemical equation of the aerobic decomposition of the dehydroxylated UiO-66 

(i.e. Zr6O6(BDC)6). A similar approach can be applied to estimate the linker defects 

in MOF-808 if we assume that the zirconium clusters of the materials are fully 

dehydrated and dehydroxylated at 400 ºC.[51–53] To this end, the theoretical weight loss 

associated to the linker calcination can be calculated taking into account the following 

reaction: 

Zr6O9+1.5x(BTC)2-x  Zr6O12 + (CO2)18-2x + (H2O)6-3x; 
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where x is the linker defects of the MOF-808 framework and compared to the 

experimental ones obtained from the thermogravimetric analysis. 

By following this approach, 0.08 defects per formula unit has been determined. For 

MOF-808@(amino) acid samples, the degree of overlapping between the thermal 

release of (amino) acid molecules and the trimesic acid calcination is too high to 

clearly stablish the temperature where the dehydroxylated Zr6O9+1.5x(BTC)2-x is 

formed, and hence, to accurately calculate if the trimesate linker deficiency is 

enhanced as a consequence of the SALI process. 

 

Figure 4.6. TGA curves of parent MOF-808 and functionalized samples. 

 

Thermodiffraction experiments confirm that the formate release induces a 

progressive loss of the long-range ordering of MOF-808 above 175 °C. It is important 

to note that during the thermal collapse, the XRD maxima do not show an appreciable 

displacement of their 2θ(°) position (Figure 4.7a). Henceforth, MOF-808 long-range 
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ordering disruption is not accompanied by a structural contraction of the framework 

(Figure 4.7b). Therefore, two parameters can describe the thermal resistance of the 

MOF-808 framework, the starting point of the thermal degradation (Ti = temperature 

at which an appreciable intensity loss of the XRD maxima is observed), and the 

crystallographic cell volume contraction occurring during the release of anionic 

groups attached to the zirconium oxo-clusters.[54]  

 

Figure 4.7. (a) Thermal displacement of (311) reflection in MOF-808@(amino)acids. (b) 

Normalized intensity thermal dependence for (311) reflection in MOF-808@(amino)acids. 

 

Generally, the thermal stability of MOF-808 is improved when the scaffold is 

functionalized with (amino) acids as the thermal detachment starts and ends at higher 

temperatures than the formate anions. In fact, the thermal stability threshold can be 

increased by over 100 °C for some functionalities. In parallel, we have observed that 

the thermal collapse of MOF-808@(amino) acids can be accompanied by a structural 

contraction (Table 4.2). MOF-808@His, MOF-808@Asp, MOF-808@Cys, and 

MOF-808@Msc experience long-range ordering loss simultaneously with a slight 

structural contraction during the last steps of the thermal degradation (Figure 4.7a). 

By contrast, in MOF-808 functionalized with Cit, Fum, Suc or Mal acids, the long-

range ordering loss is coupled to a progressive structural contraction that is extended 

in a wide range of temperatures during the thermal release of the acid functionalities 

(Figure 4.7b). A cell volume reduction between 30 to 40% has been observed in 

carboxyl acid functionalized MOF-808 before the complete collapse of its long-range 

structure (Table 4.2). 
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It is important to note, that the thermal dependence of the cell parameters and 

volume have been obtained both by pattern matching and peak fit analyses of the XRD 

data with similar results. Nevertheless, the absolute values of the structural contraction 

reported in the Table 4.2 need to be considered in a qualitative way, since the loss of 

crystallinity of the XDR patterns at high temperatures hinders an accurate 

determination of the diffraction maxima positions.  

Table 4.2. Summary of MOF-808@(amino)acid compositions and thermal stability ranges 

Sample L/Zr6 Molar Ratio Thermal Stability* (°C) Δ Cell Volume (%) 

MOF-808 --- 175 -2.4 

Asp 3.5 290 -13.2 

His 5.2 340 -8.7 

Msc 4.5 275 -14.4 

Cys 3.8 275 -6.0 

Suc 3.6 160 -44.2 

Fum 3.5 260 -31.2 

Mal 4.8 175 -33.6 

Cit 2.9 160 -23.8 

*Temperature at which an appreciable loss of intensity is observed in the XRD patterns. 

 

The chemical stability of the MOF-808@(amino) acids was studied by immersing 

the samples in water solution with different acidities (pH = 4, 3 and 2) during 24 h. 

The crystallinity and functionalization degree of the samples before and after their 

immersion in acidic aqueous media were studied by means of means of XRD and 1H-

NMR. The same experimental procedure has been applied to the MOF-808 for sake 

of comparison. From the structural stability point of view, all the materials, including 

the parent MOF-808, are robust enough to keep their diffraction signature after 

immersing them in acid conditions (Figure 4.8). The exception to this experimental 

evidence are MOF-808@His and MOF-808@Asp, which diffraction patterns show a 

significant broadening of the diffraction maxima. In parallel, the chemical stability of 

the molecules installed by SALI in the MOF-808 depends on the (amino) acid  

nature itself. Except MOF-808@His and MOF-808@Msc compounds, the  
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MOF-808@(amino) acids show good chemical stabilities, with minor release of the 

(amino) acid functionalities (Figure 4.8 and Figure 4.9). In addition, MOF-808@His 

is more sensitive to acidic media, showing an appreciable broadening of the X-ray 

diffraction maxima and nearly complete loss of the (amino) acid molecules when 

exposed to highly acidic media (pH = 3 and 2). In contrast, even if MOF-808@Msc 

shows an appreciable loss of the Msc molecules at acidic media, the XRD pattern 

maintain the crystallinity. 

It is still unclear why the chemical stability of (amino) acid functions varies if 

similar anchoring mechanisms of the (amino) acids to the MOF structure are expected. 

At a first sight, the stability of the MOF-(amino) acid bridges may be defined by the 

pKa of the carboxyl groups of the (amino) acid molecules. Nevertheless, no rationale 

can be found considering only this parameter, since pKa values for carboxyl groups of 

His, Cys or Asp are quite similar, and their chemical stabilities when installed in the 

MOF-808 frameworks differs significantly. A possible explanation for MOF-

808@His compound could be a charge-balance related destabilization triggered by a 

protonation of amine groups (pKa = 6) when the pH is below 6. Still this cannot 

explain the chemical instability of Msc functions. 

 

Figure 4.8. Variation of (amino) acid functionalities per formula unit after immersing 

MOF-808@Cys, MOF-808@His and MOF-808@Cit in water acidic solutions during 24 h.  
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Figure 4.9. XRD analysis of MOF-808@(amino) acid samples (a-i) before and after being 

exposed to different acidic conditions, (j) before and after being exposed to Na2SO4 100 

ppm solution for MOF-808@Cit sample. 
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The stability over the presence of highly coordinating sulphate anions was as well 

tested for MOF-808@Cit compound, since this variant is the one exhibiting the lower 

loss of crystallinity and citrate release in acidic media. MOF-808@Cit was immersed 

in 1 M Na2SO4 solution (100 ppm of sulphate concentration) of pH = 3 during 24 h. 

As concluded from the XRD data, the compound is partially transformed to another 

phase during the process (Figure 4.9j). Nevertheless, the trimesic to citric acid molar 

ratio obtained by 1H-NMR after the transformation is very similar to the citrate 

molecules per zirconium cluster observed for the parent compound. So, the presence 

of an elevated concentrations of highly coordinating anionic species as sulphate 

induces the degradation of a significant weight fraction of the MOF-808@Cit 

framework, but the citrate groups in the MOF-808@Cit that is still crystalline after 

the process are stable enough to remain anchored to the framework. 

The chemical stability of MOF-808@(amino) acid materials allows advancing their 

horizon of applicability for the recovery of metals from aqueous environments. First, 

the robustness of the SALI encoding opens the perspective to the application of MOF-

808@(amino) acids for surface water decontamination purposes, but not for the 

recovery of metals from seawater (e.g. uranium adsorption), or from acid-waters 

derived from phospho-gypsum deposits, since the sulphate content in this media is 

above the stability threshold of our system. Second, the acid-stability of MOF-

808@(amino) acids may enable the recovery of metals from acid leachates derived 

from metal-recycling or mining activities, but not if the anionic strength of highly 

coordinating oxyanions (e.g. sulphate, phosphate, chloride…) in the solutions is above 

the chemical stability limit of the MOF-808@(amino) acids. 

 

Metal adsorption affinity 

Single-ion adsorption tests were performed with MOF-808@(amino) acids in 

acidic solutions (pH ≈ 4) of 100 ppm metal concentration. To this end, 100 mg of 

MOF-808@(amino) acid was immersed in 50 mL of HgII, PbII, CdII, CuII, NiII, EuIII, 

CrIII or CrVI 100 ppm solutions while monitoring the metal concentration before and 

after the sorption equilibrium. Metal ions were selected on the basis of their acidity 
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(Z/r2- Soft-Intermediate and Hard), coordination environment, and charge. Adsorption 

capacity was calculated as mmol of metal adsorbed per mol of sorbent (Figure 4.10). 

Except CrVI, all the metal ions are found in their cationic forms in water solutions. In 

the specific case of CrVI, it is stabilized as (Cr2O7)2- and (HCrO4)- anions at the acidic 

conditions studied in this work. 

Unmodified MOF-808 welcomes CrVI adsorption since its chromate anionic form 

is able to displace formate anions to bind the zirconium hexa-nuclear clusters (Figure 

4.10a).[55] The mechanism of MOF-808 capture of CuII and CrIII intermediate and hard 

ions is still unclear. Nevertheless, previous researches have installed copper and 

chromium oxo-aqueous species covalently bonded to the zirconium clusters through 

solvent vapor deposition.[56] 

Once the (amino) acid functionalities are installed within the MOF-808 framework, 

its ability to capture metal ions changes drastically (Figure 4.10b-i). As a general rule, 

the adsorption affinity of the MOF-808@(amino) acid samples over cations can be 

explained by Pearson acid-base theory,[57] that is, soft acidic metal ions tend to interact 

with soft basic functional groups, and vice versa. However, this is not the unique 

parameter governing the adsorbing affinity of MOF-808@(amino) acid system, as the 

number of amino acid residues and their spatial disposition shape as well the affinity 

of the system to trap metal ions far from the general trends described by the Pearson 

Rule. 

When histidine is installed at the MOF-808 framework, amino and imidazole 

functionalities decorate its inner pore structure enabling the capture of soft 

intermediate metal ions as HgII, PbII and CdII (Figure 4.10c). 

Similarly, the combination of thiol-amine, and, thiol-carboxyl residues in MOF-

808@Cys and MOF-808@Msc give rise to the concurrent adsorption of weak (HgII, 

CdII and PbII) and intermediate (CuII, NiII) metal ions (Figure 4.10d-e). In comparison 

to His and Asp based MOF-808, Cys and Msc homologues capture NiII ions too, which 

is an ion slightly more acidic than CuII. The installation of carboxyl and hydroxyl 

residues within the MOF-808 through its functionalization with succinic, fumaric, 

malic and citric acids give access to trap intermediate to hard metal ions, as CuII, NiII 

and EuIII (Figure 4.10f-i). Indeed, complex functionalities combining several carboxyl 
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and hydroxyl groups (i.e. malic and citric acid) work more efficiently than 

functionalities based on single carboxyl residues (Figure 4.10h-i). On the top of that, 

it is important to mention that it is still a room of improvement to enhance the 

adsorption capacities towards these hard ions by including sulphonyl or phosphonate 

groups within the framework, as reported in previous works.[58] 

The capture of CrVI and CrIII by MOF-808@(amino) acids seems to be governed 

by factors beyond the general hard-soft acid-base rule. As previously mentioned, CrVI 

is a chromate anionic form in solution, so anion exchange by formate anions is 

predicted to be the preferred adsorption mechanism in non-functionalized MOF-808 

(Figure 4.10a). For instance, carboxylate type functionalizations (i.e. Suc, Fum, Mal, 

and Cit) significantly reduce the adsorption capacity of MOF-808 to capture CrVI since 

chromate is not able to displace them and access the preferred chemisorption  

positions at the zirconium clusters (Figure 4.10f-i). This is especially notorious in  

MOF-808@Cit, as electrostatic repulsions and stearic impediments can further 

impede CrVI uptake. Counterintuitively, amino acid decorated MOF-808 materials 

exhibit similar adsorption capacities over CrVI than parent MOF-808. Chromate 

uptake by these functional groups can be explained on the basis of two different 

mechanisms, (i) the electrostatic adsorption by -NH3
+ protonated groups in His, Cys 

and Asp functionalities,[38] and (ii) the chemical reduction of CrVI to CrIII by the 

electron donation of thiol and amine groups.[59] This dual adsorption/chemical 

reduction mechanism over chromate anions has proven to be highly effective for 

amino and hydroxyl UiO-66 variants.[42] 

The adsorption affinity of MOF-808@His and MOF-808@Asp over CrIII is 

counterintuitive, since highly acidic ions (such as trivalent chromium) prefer to 

coordinate carboxyl hard functionalities (i.e. MOF-808@Cit and MOF-808@Mal). 

However, MOF-808@His and MOF-808@Asp exceeds by much the capacity to 

capture CrIII (1600 mmol·mol-1 and 500 mmol·mol-1) in comparison to the MOF-808 

counterparts functionalized with carboxyl acid residues. 
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Figure 4.10. Adsorption capacity (mmol·mol-1) of the different MOF-808@(amino) acid 

samples over HgII, PbII, CdII, CuII, NiII, EuIII, CrIII and CrVI. Experiments were performed 

with an initial metal ion concentration of 100 ppm, using 2 mg MOF·mL-1. 

 

MOF-808@Cys was also tested under static adsorption conditions to capture HgII, 

CdII and PbII from solutions with concentrations closer to those usually observed in 

polluted water sources (i.e. 1 ppm) (Figure 4.11). An adsorption efficiency above 

99.99 % was obtained for HgII, reducing its concentration from 1 ppm to 0.002 ppm, 

a value below the legal limit (0.01 ppm) established by the World Health Organization 

(WHO).[60] The performance of MOF-808@Cys to capture PbII and CdII ions is also 

outstanding, with uptakes above 98% of the initial metal ions content, reaching 

concentrations close to 0.1 ppm after adsorption. Adsorption conditions can be easily 

improved by increasing the MOF loading (current = 2 mg MOF·mL-1) to achieve the 

concentration thresholds stablished by WHO for PbII (0.001 ppm) and CdII (0.003 

ppm). 
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Figure 4.11. Metal concentration in water before and after the adsorption process with 

MOF-808@Cys. A logarithmic scale is used in Y axis. Turquoise line: legal limit 

established by WHO.[60] 

 

The capacity to adsorb the same metal-ions from a multielement solution was 

determined for all the studied materials. The results have been plotted in terms of 

distribution coefficient factor (Kd) (calculated as detailed in the experimental section, 

Equation 4.2). Kd values of each adsorbent for each metal allows easily visualizing 

the efficiency of the sorbent to extract the metal from the solution. In addition, the 

separation factor of a sorbent can be obtained by calculating the ratio of the Kd values 

for different metals (Equation 4.3 in the experimental section).  

The linear plot of the Kd values shown in the Figure 4.12a clearly reveals the more 

affine sorbent – metal pairs (i.e. MOF-808@Cys-HgII, MOF-808@Cys-CuII,  

MOF-808@His-CrIII and MOF-808@Cys-HgII), all of them with Kd values above  

105. If the data is plotted in a logarithmic scale (Figure 4.12b), these sorbent-metal 

pairs with Kd values below 105 are revealed. Although less efficient than the sorbent-

metal pairs identified in the Figure 4.12a, Kd values from 103 to 105 are still interesting, 

especially for the later computing of separation factors.  
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Figure 4.12. Metal distribution coefficients for MOF-808@(amino) acid samples obtained 

from the adsorption experiments in a multielement solution of CrIII, YIII, LaIII, EuIII, NiII, 

CuII, CdII, PbII, and HgII ions. The data have been plotted in (a) linear and (b) logarithmic 

scale basis. Experiments were performed with an initial metal ion concentration of 10 ppm, 

using 2 mg MOF·mL-1. 

 

Following the same tendency than for single-element adsorption tests, two families 

of MOF-808@(amino) acid materials can be distinguished, the Msc, Cys, His and Asp 

variants able to capture soft to intermediate metal ions, and the Cit and Mal 

functionalized compounds, which metal-affinity is shifted towards hard metals as the 

trivalent REE. Therefore, taking into account the Kd values, the first group of  

MOF-808@(amino) acid materials are appealing from water remediation of the three 

of the heavy metals (PbII, CdII, HgII) included in the big-four defined by the World 

Health Organization. Giving the differences in the Kd values for soft and hard metal 

ions, the separation of heavy metals Msc, Cys, His and Asp MOF-808 variants. Last 

but not least, although the Kd values of MOF-808@Cit or MOF-808@Mal for REE 

are low, some of the calculated separation factors between EuIII, YIII and LaIII start to 

be interesting for individual REE separation. Nevertheless, further development of the 

MOF-808 pore chemistry is needed to improve them. 
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Breakthrough experiments 

Breakthrough experiments with the multielement solution flowing over a sand-

packed bed of MOF-808@(amino) acid were performed with a flow rate of  

0.5 mL·min-1. As expected, the metal-affinity of each MOF-808@(amino) acid alters 

the breakthrough volume of each metal in the column (Figure 4.13). The experimental 

data have been fitted to the Thomas model, and the adsorption capacity and the 

Thomas constant values for each Sorbent-Metal pair summarized in the Table 4.3. 

 

Figure 4.13. Breakthrough curves of of the different MOF-808@(amino) acid samples over 

a multielement mixture. Experiments were performed with an initial metal ion 

concentration of 10 ppm, using a packed bed column of 100 mg of MOF in 1.5 g of sand, 

and with a flux of 0.5 mL·min-1. 
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Continuous flux adsorption experiments show that the parent MOF-808, Suc and 

Fum variants show negligible retentions times for soft to hard metal-ions, so all the 

studied elements cross the column without a delay time. For Cys, His, Msc and Asp 

materials, the breakthrough time of the soft and intermediate metals in the output of 

the column is delayed significantly in comparison to hard ions. 

Within the intermediate and soft ions studied, the order and the volume of the 

column rupture for each metal varies significantly depending on the MOF-808 

functionalization. For example, MOF-808@Msc and Cys columns are able to detoxify 

from 300 to 500 mL of a 10 ppm HgII solution lowering the mercury concentration 

below the legal limits stablished by WHO, but the breakthrough volumes for CdII or 

PbII are lower than the ones of HgII. Event though, the terminal concentrations of CdII 

and PbII before the rupture of the column are lower as well than the legal threshold 

defined by WHO as well.[60] 

In parallel, the incorporation of carboxyl and hydroxyl groups in MOF-808@Mal 

and MOF-808@Cit variants has an opposite effect on the breakthrough experiments. 

In these cases, the times of column ruptures for acidic metal ions are increased, whilst 

the soft metal-ions pass the column without delay time. For instance, a quite 

interesting separation capacity for different rare earth elements is starting to be 

observed for MOF-808@Cit variant. It is important to note the uncommon behavior 

of CrIII on the static adsorption and breakthrough experiments in multielement 

solutions that may be related to its precipitation due to its long-term stability in 

solution.  

 

  



Table 4.3. Adsorption kinetic parameters of Thomas equation from continuous flow metal-ions separation with MOF-808@(amino) acid columns 

    Hg(II) Pb(II) Cd(II) Cu(II) Ni(II) Eu(III) La(III) Y(III) Cr(III) 

MOF-808 

K 0.0146 0.1676 0.047 0.0359 0.0437 0.01 0.01 0.0123 0.0364 

Q 1.7252 1.1595 1.1398 1.1178 1.1127 1.5021 1.5152 1.3501 1.3075 

R 0.9912 0.8512 0.9974 0.9751 0.9901 0.924 0.9886 0.9755 0.7851 

MOF-808@Asp 

K 0.0034 0.0083 0.0443 0.0009 0.0447 0.0074 0.0084 0.009 0.0003 

Q 3.2237 4.0416 1.2934 13.137 1.1702 3.7498 3.2237 3.026 40.549 

R 0.9930 0.9937 0.9790 0.9688 0.9591 0.9955 0.9930 0.9951 0.9500 

MOF-808@His 

K 0.025 0.0049 0.01167 0.003 0.0072 0.0155 0.0295 0.0149 - 

Q 16.562 11.039 4.12 17.693 2.1065 4.5221 3.2917 4.3175 - 

R 0.993 0.9927 0.9798 0.9927 0.991 0.9933 0.98 0.9829 - 

MOF-808@Msc 

K - 0.0027 0.0033 0.0029 0.0404 0.00928 0.0094 0.0097 - 

Q - 18.31 10.233 23.85 1.1005 1.5027 1.5008 1.4372 - 

R - 0.9885 0.9797 0.9929 0.9946 0.9743 0.9727 0.9316 - 

MOF-808@Cys 

K - 0.0031 0.0029 0.0038 0.0048 0.0095 0.0109 0.0103 0.0003 

Q - 9.269 8.6923 18.366 2.5025 2.0996 1.8918 1.8769 17.177 

R - 0.9914 0.9834 0.9951 0.9757 0.9769 0.9919 0.926 0.8714 

MOF-808@Suc 

K 0.0994 0.0303 0.0982 0.053 0.0986 0.0213 0.0182 0.0235 - 

Q 0.4617 1.268 0.5005 1.0402 0.4893 1.3743 1.3583 1.3373 - 

R 0.92358 0.9464 0.9495 0.9938 0.9569 0.985 0.9936 0.9957 - 

MOF-808@Fum 

K 0.1049 0.0109 0.1545 0.08189 0.1384 0.0118 0.0126 0.0326 0.0011 

Q 0.44426 1.2796 0.3231 0.5684 0.3202 1.4459 1.4046 1.3987 3.1588 

R 0.9351 0.9270 0.9670 0.9683 0.9604 0.9865 0.9947 0.9678 0.7705 

MOF-808@Mal 

K 0.0439 0.0003 0.1123 0.0361 0.0441 0.005 0.008335 0.0089 - 

Q 1.1333 14.202 0.4319 1.3258 1.1371 2.4303 1.8952 1.7167 - 

R 0.9864 0.8182 0.9684 0.9134 0.9434 0.9646 0.9870 0.9927 - 

MOF-808@Cit 

K 0.037 0.0011 0.1506 0.0047 0.0169 0.001 0.003 0.002 - 

Q 1.2097 12.16 1.5429 3.474 1.4141 17.192 6.9288 9.7111 - 

R 0.9931 0.98368 0.9981 0.9526 0.9937 0.9547 0.9842 0.9800 - 



Chapter 4 

214 
 

 

Adsorption isotherms and kinetics 

The feasibility of MOF-808@(amino) acids as water remediation technology 

against heavy metals pollution (i.e. CdII, HgII and PbII) was evaluated as well  

through kinetics and isotherm adsorption experiments for MOF-808@Cys and  

MOF-808@His. Adsorption kinetics studies reveal extremely fast capture with 

equilibrium times below 2 min (Figure 4.14). Adsorption isotherms indicate a 

maximum adsorption capacities up to of 40 mg·g-1 for CdII (MOF-808@Cys),  

175 mg·g-1 for PbII (MOF-808@His) and over 350 mg·g-1 for HgII (MOF-808@Cys 

and MOF-808@His) (Figure 4.15). That is, at its maximum loading capacities, the 

MOF-808@Cys variant is able to host 1.35 PbII, 1.9 HgII and 0.55 CdII ions per 

formula unit. 

 

Figure 4.14. Adsorption kinetics for MOF-808@Cys and MOF-808@His with PbII and 

HgII. Line: Bangham model fitting. Adsorbent concentration: 1mg·mL-1. Ci = 100 ppm. 

 

Langmuir and Freundlich models were applied to fit the experimental data 

(Equation 2.7 and 2.8 in Chapter 2) and in order to better quantify the adsorption 

capacity and affinity of His and Cys modified MOF-808 over CdII, HgII and PbII. The 

slightly better fitting of the experimental curves to the Freundlich model suggest a 

homogeneous binding of the metal ions to the MOF-808@amino acids functionalities. 
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Nevertheless, PbII and CdII capture can be related to their coordination by imidazole 

and amino functionalities, as it can be observed in many PbII and CdII amino acid 

metal complexes. In comparison, given the tendency of HgII to form HgII-S bonds, 

their coordination to thiol and imidazole residues of Cys and His is the most plausible 

mechanisms for the capture of soft ions. 

 

Figure 4.15. Adsorption isotherms for MOF-808@Cys and MOF-808@His over (a-b) CdII,  

(c-d) PbII, and (e-f) HgII. Dashed lines, blue- Langmuir fitting, green - Freundlich fitting. 
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The performance of MOF-808@amino acid, both in terms of adsorption kinetics 

and capacity, is close to the best values reported for MOFs materials so far (Figure 

4.16), and rivals the values reported for sorbents as functionalized-carbon, polymers 

or zeolites.[40,61] 

 

Figure 4.16. Comparison of the MOF-808@His and MOF-808@Cis maximum adsorption 

capacities over HgII, CdII, and PbII with previously studied MOFs. 

 

Metal speciation – the case study of MOF-808@Cys and MOF-808@His 

Copper was selected as ion-probe to monitor its color and the  

electron paramagnetic spectroscopy fingerprints once immobilized by  

MOF-808@(amino) acids. Copper compounds exhibit characteristic colors that are 

easily linked to its coordination environment and oxidation state. First, during 

adsorption, the color of the MOF-808@His and MOF-808@Cys dispersions, once 

immersed in the CuCl2 (100 ppm) solution, were monitored. A fast and drastic color 

change from green pale (CuCl2) to pale blue and pale-brown was noted in MOF-

808@His and MOF-808@Cys dispersions respectively, and 3 hours after the 

adsorption, MOF-808@His-Cu acquired a more intense blue color (Figure 4.17). The 

blue color of MOF-808@His-Cu is in good agreement with copper histidine 

coordination compounds.[62,63] Contrary, the pale brown suspension obtained after the 

addition of MOF-808@Cys suggests that the copper coordination via thiol groups is 

coupled to its partial reduction.  
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Figure 4.17. MOF-808@Cys and MOF-808@His color changes (a) seconds after adsorbing 

CuII and (b) 3 h after adsorbing CuII. 

 

For sake of comparison, similar experiments were conducted with CrIII, and CrVI 

metal ions with Cys functionalized materials. This time, the color of the MOF-

808@Cys-CrVI sample in agreement with the yellow color of the potassium 

dichromate solution. However, the system evolved after some minutes to the 

characteristic pale-green color of CrIII, which led us to think that CrVI
 CrIII reduction 

happened concurrently with the CrVI adsorption (Figure 4.18).[42] Just from the visual 

inspection of the color evolution, and considered the characteristic UV-Vis adsorption 

fingerprints of the studied metals (i.e. coordination environments, oxidation…), it can 

be concluded that metal immobilization in MOF-808@(amino) acid system does not 

only involve amino acid-metal coordination chemistry, but electron transfers 

processes able to reduce and oxidize the immobilized metal ions. 
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Figure 4.18. MOF-808@Cys (a) just after adsorbing CrVI and (b) 1 h later. 

 

EPR spectroscopy help us to gain further insights about the metal coordination on 

MOF-808@amino acid systems. MOF-808@Cys-CuII and MOF-808@His-CuII 

exhibit the characteristic EPR fingerprint of magnetically isolated CuII complexes 

with a tetragonal ligand field environments (Figure 4.19a-b).[64] A second signal 

associated to CuII clustered ions is also observed jointly with the one of isolates 

species. The fitting of EPR spectra points to g┴ values of 2.274/2.259 2.063/2.062 

(His/Cys) and g‖‖ values of 2.274/2.259 (His/Cys). The four-line hyperfine structure 

allows estimating the A‖‖ = 175·10-4/183·10-4 cm-1 (His/Cys) and A┴= 10·10-4/15·10-4 

cm-1 values too. The obtained g and A values are in good agreement with a highly 

symmetric equatorial square planar coordination geometry formed by two oxygen and 

two nitrogen atoms. While this conclusion is highly robust for the MOF-808@His-

CuII sample, it is surprising when cysteine residues are considered as the chelating 

molecules of the copper ions in the MOF-808@Cys system. The CuII ions 

coordination by the thiol groups may involve its partial reduction to CuI, making Cu-

S based metal centers in MOF-808@Cys silent to be detected by EPR.[65] Therefore, 

CuII is likely to be coordinated by amine functions. Considering the fact that cysteine 

amino acid only possesses one amine-group per molecule, the coordination 
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environment suggested by the EPR data points towards the immobilization of the 

copper ions via at least two different amino acid molecules. In addition, it is important 

to notice that both MOF-808@Cys-CuII and His-CuII systems exhibit clustered copper 

ions with g values (i.e. 2.10 (His), 2.12 (Cys)) that are close to the average of g┴ and 

g‖‖ observed for the isolated species, so when clustered, the coordination environment 

of the square planar CuII individual ions is still maintained in the system.[66]  

 

Figure 4.20. Experimental and simulated Q-band EPR spectra of (a) MOF-808@Cys-Cu, 

(b) MOF-808@His-Cu at room temperature, (c) MOF-808@Cys-CrIII/CrVI, and (d) MOF-

808@His and Cys –CrIII. 

 

A similar strategy was applied to study the metal speciation of CrVI and CrIII ions 

in MOF-808@amino acid system by means of EPR. In order to prove the reduction 

capacity of MOF-808@Cys, CrVI adsorption experiments were conducted. CrVI is 

silent by EPR, but if it is reduced to its trivalent state, it becomes active. For instance, 

the presence of the characteristic EPR fingerprint of isolated CrIII in MOF-808@Cys 

sample after the adsorption of CrVI confirms that reduction process is coupled to the 

metal ion capture (Figure 4.19c).[67] In fact, the CrIII EPR signal is more intense in 

MOF-808@Cys after adsorbing/reducing CrVI in comparison to the one after the direct 
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CrIII adsorption. This is in agreement with the MOF-808@Cys adsorption capacities 

for CrIII and CrVI species shown in the Figure 4.10e. This trend is further accentuated 

for the MOF-808@His. The broad and high intense absorption band for CrIII in MOF-

808@His (g = 1.99) (Figure 4.19d) is indicative of the clustered CrIII ions, which 

seems logic due to the enormous adsorption capacity that MOF-808@His shows for 

CrIII (1600 mmol·mol-1 - Figure 4.10c). 

Although EPR is highlight sensitive to metal coordination variation, it does not 

give a direct experimental evidence of the functional groups that are participating in 

the metal ion capture. And thus, a deeper analysis of the metal immobilization process 

is necessary, which will be provided in the following section thanks to the 

combination of Raman and Inelastic Neutron Scattering techniques.  

 

4.1.3. CONCLUSIONS 

It has been demonstrated that the installation of natural acids and amino acids within 

a MOF can alter significantly the adsorption capacity and affinity towards metal ions 

with varied characteristics. In addition, MOF-808@(amino) acids show fast kinetics 

and outstanding capacity to capture heavy metals even in  

continuous flow conditions. For instance, the adsorption capacities obtained for  

MOF-808@(amino) acids rival the figures of the best MOFs reported up to date for 

HgII, CdII and PbII adsorption. The immobilization of amino acid functions into the 

pore space of MOF-808 endow the material of metal-complexing mechanisms where 

single or cooperative metal-binding modes give rise to the stabilization of isolated, 

clustered, and even, partially reduced species for some specific metals such as copper. 

We anticipate that amino acid encoding will become an important tool in engineering 

artificial metal-chelator functions with improved selectivity to trap metal ions from 

complex mixture. Furthermore, copper doped MOF-808@(amino) acid could 

resemble the active core sites of some metalloproteins, and thus, in the following 

section, the catalytic activity of these materials is studied.   
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4.2. ENCODING BIOINSPIRED COPPER-SITES IN MOF-808 FOR THE WET 

OXIDATION OF PHENOLIC COMPOUNDS 

Nature, through millions of years of evolution, has found sophisticated ways to 

coordinate metal ions in precise and unconventional ways in order to reach 

outstandingly effective and selective biocatalysts.[68–70] Through the sequential 

assembly of simple repetitive units, biology has built up complex three-dimensional 

scaffolds of metalloproteins, which deposit functional amino acid residues able to 

coordinate the metal catalytic site in specific spatial configurations.[71] The chemical 

arrangement of the amino acid residues that conforms the first and second 

coordination environment of the metal-sites plays a key role in defining the activity 

and selectivity of metalloenzymes.[72,73] Thus, a mutation or alteration of any of the 

amino acid residues that coordinate the metal-site placed into the heart of the 

metalloenzyme, affects drastically their efficiency, selectivity and function. In fact, 

metalloenzymes are artificially modified by surgically altering the amino acid 

sequence that controls their metal-site coordination environment.[74,75] 

In this respect, an important example is the case of copper metalloenzymes, where 

the coordination of copper ions is usually completed by histidine, cysteine and 

carboxyl residues, or a combination of these.[76–80] Depending on the copper-

biocatalyst, CuII ions are stabilized as isolated and/or clustered sites able to carry out 

oxidative catalytic reactions based on the activation of oxygen (e.g. laccases[81–83]) or 

hydrogen peroxide (e.g. peroxidase) molecules.[84,85] The overall selectivity and 

oxoreductive efficiency of copper-enzymes over a specific substrate is partially 

defined by the coordination modes of the copper sites.[64,86–90] Furthermore, the 

oxidative capacity of copper bio-catalysts has important technological implications in 

water remediation, since it can be adapted to degrade highly concerning and persistent 

phenolic compounds via Catalytic Wet Peroxide Oxidation (CWPO).[91–94] CWPO is 

a low-cost, low-temperature and environmentally friendly Fenton process able to 

drive the degradation of phenolic compounds via the activation of hydrogen peroxide 

to hydroxyl radicals [95] with the participation of a catalyst.[91,96,97] 
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Despite the great potentials of oxidoreductase-like biocatalysts for water 

remediation applications, their cost of production and low chemical stability window 

(i.e. pH, temperature, ionic strength…) still limits their practical application[68]. As an 

alternative and highly appealing solution, extensive research is being carried out to 

replicate and expand the metalloenzymes’ pockets and catalytic activity to robust 

porous materials.[98–100] In this regard, the chemical encoding of bio-catalytic like sites 

into MOFs holds an enormous promise.[100–107] Once the pore space has been decorated 

with specific amino acid moieties, metal-sites can be easily installed by adsorbing 

them from aqueous or non-aqueous solutions.[108–111] Furthermore, the enzymatic-like 

catalytic activity dependence of the characteristic of the copper-metal ions installed 

into MOFs has already been studied for reactions alternative to CWPO.[12] Within 

these recent investigations, it is interesting to highlight the low temperature methane 

to methanol oxidation performed with copper decorated MOF-808@Histidine and 

NU-1000-Cu[112] systems, or the peroxidase oxidative degradation of phenols by 

copper doped UiO-67-Bpy[113] material, or copper decorated zirconium oxides derived 

from UiO-66.[114] In addition, MOFs directly assembled with copper ions, as copper-

trimesate[115] or copper-benzene dicarboxylate,[116] also exhibit outstanding oxidative 

functions to degrade phenols, but their hydrolytic instability may prevent their 

application in water remediation processes. 

In this work, we study the copper immobilization into some of the materials 

developed in the previous section (i.e. Cys, His, Msc, Mal and Cit), investigating the 

different coordination modes and clustering degrees they show. Moreover, the 

multivariate MOF-808@HisCys is synthetized, combining into the same MOF pore 

space the two amino acids that are most commonly found in copper metalloproteins. 

The efficiency and selectivity of our system to oxidize phenolic pollutants (i.e. phenol, 

2,4,-dichlorophenol, catechol, hydroquinone, or dopamine) through CWPO have been 

duly assessed. The results presented in this work represent a milestone for the 

installation and artificial evolution of metal-amino catalytic sites into the robust 

architectural backbone of MOFs, which successfully mimic those oxidative functions 

of macromolecules such as metalloenzymes. 
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4.2.1. EXPERIMENTAL PROCEDURE 

MOF-808 synthesis and functionalization 

The MOF-808 synthesis and functionalization was performed following the same 

experimental protocol applied in section 4.1.1 of this chapter. For the synthesis of the 

multivariate MOF-808@HisCys, a solution with a 0.025 M concentration of Cys and 

0.025 M of His was employed, and then the same procedure as in section 4.1.1 was 

followed. 

 

MOF-808@(amino) acid copper metalation 

100 mg of MOF-808@(amino) acid were immersed in 50 mL CuII solutions of 10, 

50, 100 and 1000 ppm concentrations during 15 min. After that, the samples were 

recovered by centrifugation (x 7000 rpm) , washed with water (100 mL, 2 times) and 

methanol (100 mL, 2 times) over three days, and dried at RT in a desiccator for 24 h. 

 

Catalytic Wet Peroxide Oxidation of phenolic compounds 

The catalytic activity of MOF-808@His doped with a copper solution of 100 ppm 

(MOF-808@His-Cu100) was measured via a chromogenic reaction of phenolic 

compounds with 4-aminoantypirine (4-AP). In brief, for laccase like activity, 100 µL 

of an aqueous solution of the phenolic pollutant (1 mg·mL-1), 500 µL of 4-AP (1 

mg·mL-1), 100 µL of the bioinspired catalyst (1 mg·mL-1) were added. To test the 

CWPO capacity of the sample, 20 µL of H2O2 were added. When the laccase-like 

activity of the sample was tested, the addition of H2O2 was omitted. The volume of 

the reaction was completed with distilled water until a total of 1 mL. The reactor was 

shaken during specific periods of time, centrifuged at 10000 rpm during 1 min and the 

absorbance of the supernatant was measured by UV-Vis at 510 nm. Each of the 

reactions where fitted to a first order kinetic model (Equation 2.17 in Chapter 2) to 

obtain the k-rate of the substrate oxidation.  

In order to follow the byproduct generation of the phenol substrate, an extra 

experiment was performed using liquid chromatography. To this end, the reaction was 
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scaled up to 20 mL but avoiding the addition of 4-AP co-reagent. Aliquots were taken 

and filtered with 0.2 μm hydrophilic PTFE syringe filter at 0, 15, 30, 60, 90, 120, 180, 

240 and 1200 min. The complete mineralization of phenol through oxidative 

processes involves an initial step where catechol, hydroquinone or benzoquinone 

byproducts, whose toxicity excesses the one of phenol, are formed. At this stage, it is 

key that the catalysts further oxidize these byproducts until the rupture of C-C bond 

in benzoquinones led to the formation of environmentally friendly carboxylic acids. 

Further oxidation of these acids would lead to the complete mineralization of phenolic 

compounds. 

For the study of the influence of the pollutant concentration, 100 µL of an aqueous 

solution of the phenolic pollutant with a concentration from 0.1 to 2 mg·mL-1 were 

used, and quantities of the rest of the materials were maintained the same. For these 

reactions, the KM and Vmax kinetic parameters were obtained from the fitting of the 

Michaelis-Menten plot to the model described by the Equation 2.18 in Chapter 2. 

Once the laccase and CWPO activity for the MOF-808@His-Cu100 were studied, 

the impact of (i) the copper loading within the same host porous matrix and (ii) the 

coordination environment of the copper ions on the catalytic activity for the oxidation 

of hydroquinone and 2,4-dichlorophenol were studied. To this end, MOF-808@His 

with different CuII loadings and MOF-808 functionalized with various (amino) acids 

were used as catalysts. 

The following reaction conditions were employed to compare the oxidation 

reactions starting from batch solutions/dispersions of 1g·L-1 concentration. 

Hydroquinone (HQ): 200 μL of catalyst, 200 μL of HQ and 500 μL of 4-AP solutions, 

20 μL of H2O2 and 1080 μL of H2O. 2,4-dichlorophenol (2,4-DCP): 150 μL of 

catalyst, 300 μL of 2,4-DCP and 500 μL of 4-AP solutions, 20 μL of H2O2 and  

1030 μL of H2O. The aliquots taken from the reactions at 0, 5, 10, 15, 30, 45, 60, 90 

and 120 min were treated as above described for the previous reactions.  
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4.2.2. RESULTS AND DISCUSSION 

MOF-808 functionalization  

MOF-808 synthesis and (amino) acid functionalization was performed following 

the same procedures as in section 4.1. In order to compare the multivariate  

MOF-808@HisCys to the other functionalized samples, the XRD spectra and N2 

adsorption isotherms have been plotted in Figure 4.20. 

As concluded from the XRD data, the crystallinity, the position, and the relative 

intensity of the diffraction maxima for MOF-808@(amino) acids remain similar to 

the ones of the parent material (Figure 4.20a). As expected, the disorder of the 

installed (amino) acid function does not contribute to modifying significantly the main 

XRD signature of the compounds. A slight reduction of the surface area after the SALI 

was found for MOF-808@HisCys, similar to the ones reported for the other 

functionalized MOFs, and in good agreement with previous post-synthetic 

functionalization studies (Figure 4.20b).[117] 

 

Figure 4.20. (a) X-ray powder diffraction patterns and (b) N2 adsorption isotherms (77 K) 

of parent MOF-808 and MOF-808 (amino) acid functionalized materials 
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Similarly than for the MOF-808@(amino) acid samples, the BTC:amino acid ratio 

for MOF-808@HisCys multivariate material was determined from the integration of 

the proton signatures of BTC and amino acids in the 1H-RMN spectra of the digested 

samples, showing an amount of 3.3 cysteine and 2.7 histidine molecules per cluster. 

 

Copper immobilization 

The metal immobilization in MOF-808 was carried out by the direct adsorption of 

copper ions from aqueous solutions of 10, 50, 100 or 1000 mg·L-1 concentration. The 

CuII loading into the MOF-808@His was controlled by increasing the concentration 

of the metalation solution. The concentration of the copper loading for the other  

MOF-808@(amino) acid samples studied in this work was controlled to get a final 

CuII doping of the material similar to the one obtained for the MOF-808@His-Cu100 

sample. 

Immediately after the MOF-808@(amino) acid materials contacted the copper 

solution, it turned an intense light blue to green color that depends on the amino acids 

installed into the framework. For instance, the Mal and Cit variants of MOF-808 

exhibit a pale blue-greenish color, the His functionalized compound gains an intense 

dark blue color, whilst the Cys and Msc variants exhibit a light to dark brown 

coloration that suggests the existence of mixed valence CuI and CuII species after 

metalation. As will be alluded to later, the color of the copper coordination complexes 

is closely related to their electronic structure, and hence, to their spectroscopic 

signature. 

Fluorescence X-ray spectroscopy measurements of the solid samples after copper 

installation have allowed the estimation of the cluster/copper and ligand/copper molar 

ratios of our biomimetic catalysts (Table 4.4).  
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Table 4.4. Summary of the catalyst composition after copper metalation 

Sample 
[Cu] ion in the 

metalation solution 
(mg·L-1) 

Cu/Zr6 Cu/L 
 

Cu (%)* 

His-10 10 0.18 0.04 2.02 

His-50 50 0.65 0.14 
6.86 

His-100 100 0.89 0.22 9.16 

Cys-100 100 1.18 0.42 11.77 

His/Cys-100 100 1.16 0.19 11.65 

Msc-100 100 2.38 0.61 21.12 

Mal-1000 1000 0.40 0.10 4.36 

Cit-1000 1000 0.76 0.13 7.91 

*These data are obtained from the normalization of the sum of weight percentages for Zr and Cu 

ions to 100% in the FRX measurements. 

 

For the samples doped with copper solutions of 100 ppm or below, the XRD 

patterns remain mostly unchanged after the metalation process (Figure 4.21). It is 

important to note as well, that Cu-adsorption in copper solutions of 1000 ppm induce 

a significant loss of crystallinity in the parent His and Mal based compounds (Figure 

4.21b,e), but not in the other MOF-808@(amino) acid variants studied in this work. 

So, in general terms, the MOF-808@(amino) acid materials are robust enough to resist 

the copper metalation process. 
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Figure 4.21. X-ray powder diffraction patterns of MOF-808 and functionalized MOF-808 

materials before and after their doping with copper ions with water CuII solutions of 10, 100 

and 1000 ppm concentrations. 

 

Combined characterization of the copper catalytic sites 

The copper complexation within the MOF will induce a significant tuning on the 

electronic structure and spectroscopic properties of the catalytic sites. The benefits of 
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selecting copper as the probe metal-ion is that its UV-Vis, EPR and XPS spectroscopic 

fingerprints are intimately linked to (i) the groups conforming its coordination sphere, 

and (ii) the monomeric or clustered nature of the copper-complexes formed during its 

binding to the (amino) acid residues installed into the pore space of MOF-808. In 

addition, there is a vast background on spectroscopy and magnetism of Cu-complexes 

that can be employed to understand such a complex and disordered system as the one 

studied in our bioinspired materials. Futhermore, copper adsorption also induces a 

variation of the spectroscopic signatures of the host MOF-808@(amino) acid matrix 

that are related with the copper stabilization process. 

Raman spectra of the pre and post-functionalized and metalated compounds show 

slight but significant variations of the absorption bands involved or affected by the 

metal-coordination (Figure 4.22). MOF-808 decorated with di (Mal, Msc) and 

tricarboxylic acids (Cit), shows the characteristic absorption band associated to the 

C=O double bond, which indirectly indicates the presence of protonated carboxyl 

groups at the pore space of the material (Figure 4.22a-d). The vibrational modes 

associated to the C-O bonds participating in the coordination of zirconium clusters 

appear at lower energy values than the ones associated to the C=O protonated 

groups.[118] After copper adsorption, this band is drastically attenuated, indicating the 

deprotonation of the free-carboxyl groups, and indirectly, their coordination to copper 

ions. 

For Msc, Cys and HisCys variants, the weak Raman bands associated to the -SH 

stretching vibration (~ 2500 cm-1), have been identified (Figure 4.22a,f,g). However, 

in Cys sample the signal is almost suppressed, probably due to Cys-Cys interactions 

through sulphide groups. Contrary, in Msc sample, the signal corresponding to the S-

H bond is clearly visible in the Raman spectra. As expected, the ʋs(SH) is blocked 

after the absorption of copper ions by MOF-808@Msc because of the deprotonation 

of SH groups resulting from the formation of Cu-thiolate bridges. 

Finally, the HisCys variant shows also a weak signal corresponding to ʋs(SH). This 

band does not lose intensity after the copper adsorption, which could mean that the 

CuII is preferably immobilized within the imidazole or amino groups of the sample. 

In fact, both HisCys and His variants show significant modification of the Raman 
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bands associated to the stretching vibration of C-H bonds of the imidazole rings 

(Figure 4.22e,g). Therefore, it seems that the vibrational freedom of imidazole 

residues is as well attenuated after copper installation, either because they are directly 

or indirectly involved in the copper adsorption. 

 

Figure 4.22. Raman spectra of MOF-808 functionalized with (a-b) Msc, (c) Mal, (d) Cit, (e) 

His, (f) Cys and (g) HisCys before and after copper immobilization. 
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Spectroscopic information obtained from Raman was completed with Inelastic 

neutron scattering (INS) data for the Histidine and Cysteine variants before and after 

the copper immobilization.  

At a first step, the vibrational bands of the INS data of MOF-808, cysteine and 

MOF-808@Cys samples were identified on the basis of the bibliographic data (Figure 

4.23a).[119] Among the differences observed between the free Cys and MOF-808@Cys 

spectra (Figure 4.23a), the disappearance of the INS bands associated to the COOH 

vibrations (CO2 rock at ~500 cm-1) is in good agreement with the anchoring of the Cys 

molecules to the zirconium clusters of the framework via the carboxyl groups. In 

addition, both the disappearance of the NH3 torsion vibration (~300 cm-1), together 

with the displacement to lower energies of the other bands associated to the Cys 

molecule, clearly indicate that once immobilized, the interactions of the Cys with the 

framework and the adjacent Cys molecules alter the vibrational modes of the 

molecule, blocking even some of their intramolecular vibrations. It is important to 

note that the assignment of the NH3 torsion vibrational mode to the INS band located 

at 300 cm-1 is not fully clear, since some of the bibliographic data indicate that this 

vibration is usually located at slightly higher wavelength values around 400 to 500 

cm-1. Indeed, the vibration of the cysteine skeleton could as well be related to this 

signal. In order to clarify this point, Density Functional Theory (DFT) calculations of 

the isolated molecules: free cysteine, and a model of two cysteine molecules 

coordinating a CuII ion in a bidentate fashion were performed (Figure 4.24), and then 

the calculated INS spectra were obtained. In this calculations, the NH3 torsion 

vibration is located at 300 cm-1. Although the intensity of the INS signal for these 

simplified models is not representative of the one that would be obtained in an ordered 

crystal environment, the energy values associated to the vibrations are accurate 

enough to stablish qualitative comparisons. Two are the main spectral variations 

observed when the cysteine is anchored to the MOF: (i) the vibrational modes of 

COOH and NH3 disappear, and (ii) the bands associated to the CH, CH2, and the 

bending and rocking modes of SH and NH3 groups, respectively, gain intensity in 

comparison to the ones of the free cysteine. It is important to note that the signals 

associated to the bending and rocking modes of SH (~ 975 cm-1) and NH3  
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(~ 990 cm -1) groups in free cysteine molecules seem to be shifted to the same position 

in the MOF-808@Cys compound (~ 975 cm-1). 

 

 

 

Figure 4.23. Inelastic scattering spectra of (a) MOF-808, L-cysteine and MOF-808@Cys 

and (b) MOF-808@Cys after and CuII adsorption. 

 

Among the INS bands affected by the metal adsorption (Figure 4.23b), the intensity 

of the signal located at 950 cm-1 energy is slightly reduced in comparison to the initial 

MOF-808@Cys. The band was initially assigned to the combination of the bending 

vibration of SH and the rocking vibration of NH3 groups. This band assignment was 
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done taking into account the work performed by Stewart F. Parker et al.,[119] as well 

as the INS spectra calculated from the vibrational modes of free Cys molecules. In 

addition to the subtle intensity loss, CuII adsorption induces a slight displacement of 

the signal to higher energy values. The metal coordination of sulfide groups by CuII 

ions would induce a deprotonation to S- anions, and thus, to a reduction of the INS 

signals associated to the SH vibrational modes (~950 cm-1).  

In contrast, as revealed by many metal-coordination complexes found in the CSD 

database, the coordination of NH3 groups to CuII usually induces a deprotonation of 

the ammonium to amine, so the vibrational modes associated to NH2 functions are 

still active after the metal complexation, although maybe displaced to a slightly 

different energy values. Thus, revisiting our first assignment of the band located at 

950 cm-1, it seems that the SH’s vibrational modes contribution is not so relevant as 

the one of NH3 rocking vibrational mode to this signal of the INS spectra. This 

conclusion is based on an active participation of the -SH groups to the metal-chelation 

of CuII ions, that finally would lead to a significant reduction of the intensity of the 

band.  

In parallel, the suppression or the variation of the -CH2 rocking vibrational mode 

after CuII adsorption, as well as the appearance of two new INS signals (1150 and 

1325 cm-1), marked with asterisks in the Figure 4.23b, within energy region of CH 

bend, CH2 twist, CH rock and CH2 wagg vibrational modes for CuII loaded  

MOF-808@Cys variant, offer the keys to further understand the CuII uptake 

mechanisms. Considering that the Cys-CuII complex could be similar to the Cys-PbII 

complex proposed by F. Jalilehvand et al.,[120] a bidentate coordination of the SH and 

NH3 groups to the CuII could give rise to the complete blocking of the CH2 rocking 

mode, since its vibrational freedom would be severely restricted if the metal ion is 

linked to both SH and NH3 terminal groups of the cysteine molecules. This binding 

mode, where SH groups are involved, explain the slight reduction the INS band at 950 

cm-1. Copper complexation by cysteine seems to be governed by its preferential 

binding to the thiol groups. A Cu-S-Cysteine monodentate binding mode (Figure 

4.5a), or even a dual coordination of the copper ions by two adjacent cysteine 

molecules via S-Cu-S bridges (Figure 4.5d), would suppress the CH2 rocking 
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vibrational mode, but also would give rise to the modification of the CH bend, CH2 

Twist, CH rock and CH2 wagg vibrational modes. For instance, in addition to the main 

population of copper ions stabilized as CuII and CuI within the MOF-808@Cys via 

cysteine groups, it is important to take into account that there is a population of copper 

ions that are coordinated as well via amine groups, as revealed by EPR spectroscopy 

in the section 4.1.[121] This dual stabilization mode of copper could explain the 

complexity of the INS region CH bend, CH2 Twist, CH rock and CH2 wagg vibrational 

modes in comparison to the initial MOF-808@Cys compound.  

 

Figure 4.24. INS spectra simulated from the free cysteine model and the Cu-Cys2 bidentate 

complex shown in the Figure 4.5d. 

 

Table 4.5. Inelastic scattering bands assignation of the simulated spectra of Cysteine and 

CuII-Cysteine complex of Figure 4.24.  

Cysteine main INS signals (cm-1) CuII-Cysteine main INS signals (cm-1) 

1 - 363 NH3   

2 - 418 NH3 + SH   

3 - 506 NH2 + CH 1.- 526 CH + NH 

4 - 581 All 2.- 561 All 

5 - 661 Stretch SC + rocking CH 3.- 664 All 

6 - 750 SH + CH2 4.- 750 NH2 (no SH) 

7 - 869 SH + All bending 5.- 856 CH2 

8 - 928 NH + SH 6.- 989 NH2 

9 - 1067 SH + CH2 + NH2 7.- 1061 CH2 
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A similar study was performed to gain information from the INS spectra obtained 

for MOF-808@His and MOF-808@His-Cu system. The vibrational bands of the INS 

data for these samples were identified on the basis of the bibliographic data based on 

the combination of experimental and computational studies (De Sousa et al.[122] and 

Freire et al.[123]). In addition the band asigment of the MOF-808@Cys sstem studied 

before has been taken into account too. The bands assignation for the MOF-808@His 

compounds have been summarized in Figure 4.25 and Table 4.6. 

 

Table 4.6. Inelastic scattering bands assignation for MOF-808@His. The number assigned 

to each vibrational modes are related with the number depicted in the INS spectra shown in 

the Figure 4.25. In the INS column, the position of the bands before and after the metalation 

has been detailed. 

Band IR Raman INS Assignment 

1 1416 
1449 
1416 

1416 1435 Ʋstr. (CN)im + Ʋstr.(CN)im 

2 1337 1334- 1330  1315 δ(NH)im + Ʋstr.(CN)im 
3 --- 1262 1225 1240 CH2 + NH3 bend 
4 1144 1143 1160 1160 Twist (NH2) + bend (CH) + str. (NC)im 

5 1120 --- 1095 1110 wag.(NH3) + bend (CH) 
6 959 977 996 998 r(NH3) + δ(CH) 
7 875-1000 940  945 Ʋ(CC) MOF + His 
8 868 874 860 860 Mixed vibr. NH3 + δ(CH) 
9 --- 803 817 810 Def. (Im) + δ(NH3) δ(CH) 

10 696 694 660660 δ-ofp (CH)im 
11 631 645 630 639 δ-ofp (CH)im 
12 --- 604 --- 580 def.(Im) + δ (CCN) 
13 528 540 --- 552 def.(Im) + δ (CH2) 
14 --- --- 475 475 δ(COH)  
15 --- ---- 350  --- Skeletal vibrations of His+ t(NH3) 

 

Firstly, the incorporation of histidine molecules into the MOF induces the 

disappearance of the INS bands associated to the -COOH vibrations of the amino acid. 

Although in this study we could not measure the base histidine sample, it is well 

known that the CO2 rocking and COH bending modes of amino acids are usually 

located around 530 and 500 cm-1respectively. However, these bands are not observed 

in the MOF-808@His, due to the anchoring of the amino acid to the cluster from the 

carboxyl group (Figure 4.25).  
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Figure 4.25. Inelastic Neutron Scattering spectra of MOF-808@His sample before and after 

its copper metalation. . The bands have been identified by a number code. The code is used 

in the table 4.5 to identify the vibrational mode assigned to each INS signal. 

 

It is important to highlight the variation of the band located at ~350-400 cm-1, 

which can be tentatively ascribed to two possible vibrational modes: (i) the torsion 

vibration of NH3
+ and (ii) the skeletal vibration of the histidine molecule. In contrast 

to the MOF-808@Cys homologue studied previously, the NH3
+ torsion or the skeletal 

vibration of histidine molecules are not attenuated after its incorporation into the 

MOF. Thus, strong intermolecular interactions between His molecules are not 

expected within the MOF pore space. This vibrational mode located at 375 cm-1 is one 

of the most affected by the copper installation. This can be easily understood, since 

independently from the single or cooperative mechanisms of the histidine molecules 

to coordinate copper ions, the mobility of the molecules incorporated within the MOF-

808 pore space may be severely restricted once copper ions are directly linked to them. 

In parallel, as observed in many copper-coordination compounds, amino functions are 

prompt to form part of the coordination sphere of copper ions forming Cu-N bonds. 

Therefore, any coordination of the His molecules to the copper ions through the amino 

groups is likely to suppress some of the vibrational modes associated to associated to 

it (τ(NH3), but also to restrict the overall skeletal vibration of the hole molecule 

(ʋ(sk)).  
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In parallel, there are several signals of the INS spectra that do not disappear during 

metalation, but that experiences a slight attenuation or a shift of their positions. These 

are the cases of the bands 1, 2, 3 and 5. Indeed, the bands 1 and 2 are closely related 

to the stretching vibrational modes of the C-N bonds within the imidazole groups. In 

parallel, the bands 3 and 5 are linked to the bending and wagging vibrations of NH3. 

Although all these slight variations do not give a direct evidence of the copper 

coordination to the imidazole or the amino groups in the histidines, it is clear that the 

metalation process induces some adaptation of their vibrational freedom. As the 

copper coordination by imidazole molecules would imply the deprotonation of the 

imidazole rings, this need to be reflected in the vibrational modes involving the N-H 

bond within this group. In contrast, we do not observe any intensity reduction of the 

band 2, which is directly related to the deformation vibration of the NH group within 

the imidazole rings. This does not discard that the vibrational modes of the imidazole 

rings are not altered after the copper installation into the material, as is reflected in the 

intensity gain of the out of plane vibration of C-H bonds within the ring (bands 10 and 

11), and the appearance of the 12 and 13 bands, also related with the deformation of 

the imidazole rings.  

All in all, it can be concluded that not all the imidazole rings participate in the 

coordination of copper ions. This does not preclude that the coordination of copper 

ions by the NH3
+ affected the vibrational energy of imidazole rings, as observed in the 

displacement of the bands associated to this group. Since the coordination of the 

copper ions by the NH3
+ groups of His does not involve their deprotonation, a 

complete disappearance of the INS vibrational modes after the metalation of the 

MOF-808@His is not expected. For instance, the slight variations on the relative 

intensities of the rocking vibration of NH3
+ and stretching vibration of CN bonds 

further indicate that amino groups have an active role during the immobilization of 

copper ions within the material. 

Copper is most usually stabilized in biocatalysts as CuII paramagnetic ions with a 

(3d9) electronic configuration. Nevertheless, it is important to note that cysteine rich 

peptides or metalloenzymes can isolate it in its reduced intermediate form, as 3d10 CuI 

diamagnetic centers. More specifically, CuII prefers tetragonally distorted 
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(compressed or elongated) octahedral, tetra- and penta-coordination environments 

showing the well-known Jahn-Teller effect.[124] In addition to this, the nature of the 

amino acid residues forming part of the copper coordination sphere significantly alters 

the electronic structure of this 3d9 ion, and hence, its UV/Vis and EPR spectra. For 

example, the [Cu(H2O)6]2+ ideal complex exhibits three electronic transitions that 

collapse into a single UV-Vis absorption band located approximately at 780 nm. The 

replacement of coordinated water molecules in [Cu(H2O)6]2+ by stronger electron 

donors, as peptide N > NH2 > imide > COO- > H2O, displaces the UV-Vis absorption 

maximum of copper complexes to higher energy wavelengths, as is the case of our 

MOF-808@(amino) acid biomimetic systems. 

The UV-Vis spectra of copper doped MOF-808@(amino) acids showed absorption 

maxima associated to the metal to ligand charge transfer bands ( < 350 nm), and to 

the 2Eg  2T2g transition of copper ions (800 – 600 nm) (Figure 4.26a). Copper ions 

stabilized by citric (770 nm) and malic (795 nm) acid functionalities exhibit a UV-Vis 

maximum slightly displaced to the blue and the red in comparison to the [Cu(H2O)6]2+ 

ideal ion (780 nm), respectively. Cysteine molecules induce a significant red-shift of 

the UV-Vis absorption maxima to 670 nm; whilst His/Cys multivariate material and 

His variant further displace the absorption to 630 and 620 nm, respectively.  

Overall, the position of the copper UV-Vis absorption maxima (λmax) can be 

qualitatively calculated based on the nature and the number of the groups forming part 

of the coordination environment of the copper ions if the empirical equation obtained 

by Sigel and Martin is applied.[125] The λmax for Mal (795 nm) and Cit (770 nm) 

compounds fits with copper’s equatorial plane formed by two coordinated water 

molecules and two carboxyl groups (calc λmax = 790 nm). When analyzing the UV-

Vis signature of the Cys variant (λmax = 690 nm), the equatorial coordination mode of 

the copper ions seems to consist of two amine groups and a couple of water molecules 

(calc λmax 663 nm). At first sight, this conclusion seems counterintuitive given the 

great chemical affinity of thiol groups for copper thiolate bonds. Nevertheless, the 

increase of the overall UV-Vis background signal for Cys and Msc variants suggests 

the co-existence of CuII and CuI mixed species that lead to electron-transfer processes. 

That is, when thiol groups are involved in the coordination of CuII ions, they induce 
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its partial reduction to CuI. This conclusion is as well in agreement with the CuII/CuI 

mixed valence speciation found in many copper-thiolates. In the specific case of His 

and multivariate His/Cys variant, the displacement of the UV-Vis λmax to higher 

energies suggests the participation of at least an imidazole and an amino group (calc 

λmax 648 nm) or of two imidazole groups (calc λmax 634 nm) in the copper coordination. 

The configuration of the copper ions within the MOF-808@(amino) acid systems 

is not only shaped by the type of coordinating groups, but by the degree of copper 

loading. When a low concentrated solution is used to install the copper ions within  

MOF-808@His, the UV-Vis absorption maxima is located at 620 nm (Figure 4.26b). 

This value fits better with a coordinated mode involving two imidazole rings. If the 

concentration of the copper solution is increased, the λmax shifts to 640 nm, a value 

that suggests the participation of amine groups in the copper-coordination. Therefore, 

copper ions first occupy preferential adsorption sites at imidazole rings, and once 

saturated are stabilized by amine groups. This copper stabilization mechanism does 

not only have implications into the spectroscopic signature of the ion, but on its EPR 

signal too (Figure 4.26d). 

The MOF-808@His-Cu10 (doped with a 10 ppm copper solution) exhibits the 

characteristic EPR fingerprint of magnetically isolated CuII complexes with tetragonal 

ligand field environments consisting of a central EPR absorption signal of  

(g┴ = 2.274 and g|| = 2.063) completed by four less intense signals associated to the 

hyperfine structure lines (A|| = 175·10-4 and A┴ = 10·10-4 cm-1) (Figure 4.26d). Given 

the g-values obtained for the fitting of the EPR spectra, the copper ions are stabilized 

in an axially highly elongated system that could involve a square-planar coordination, 

or an octahedral or pyramid-square coordination with long Cu-H2O bonds (> 2.3-2.4 

Å). When the concentration of the copper solution employed to immobilize the ions 

is increased to 50 ppm (MOF-808@His-Cu50), the EPR spectrum shows the presence 

of two copper ions with slightly different g values, and hence, a slight variation on the 

distortion of the coordination environment. This tendency is further accentuated for 

the MOF-808@His-Cu100, where the EPR spectrum fits with the usual signature 

observed for copper magnetically clustered systems. The g values estimated by EPR 

for the MOF-808@His-Cu systems agree with a highly symmetric equatorial square 
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planar coordination geometry for copper ions formed by two oxygen and two nitrogen 

atoms. 

 

Figure 4.26. UV-Vis spectra of (a) MOF-808@His variant with increasingly copper content 

and (b) MOF-808@(amino) acid compounds with similar copper loadings.  

EPR spectra of (c) MOF-808@His variant with increasingly copper content and  

(d) MOF-808@(amino) acids with similar copper loadings. CTMB is the abbreviation for 

Charge Transfer Metal Bands. 

 

EPR was employed as well to study the MOF-808@(amino) acid materials 

decorated with similar copper loadings (Figure 4.26c). It is clear that Cit and Mal 

variants stabilize copper ions as magnetically isolated species. In the case of MOF-

808@Cit-Cu1000 only one type of copper is observed by EPR, whilst MOF-

808@Mal-Cu1000 exhibits two types of magnetically isolated copper ions stabilized 

in slightly different coordination environments. For Msc and Cys functionalizations, 

copper ions are stabilized as magnetically clustered species, or as a mixture of 
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different magnetically isolated ions with different coordination environments. This 

occurs as well when a multivariate combination of His and Cys functions are included 

within the framework (Figure 4.26c).  

This clustering of copper centers could be even more accentuated than as suggested 

by EPR, since in addition to the CuII species detected by this technique, XPS spectra 

of Msc, Cys and HisCys variants confirm the additional existence of CuI ions 

stabilized within the MOF-808@(amino) acid matrix (Figure 4.27). In fact, the 

bimodal peaks of the XPS spectra, which are related to copper binding energies, can 

be fitted to two contributions centered at 952.6/953.0 eV (CuII) and 951.0/950.8 eV 

(CuI) for the Cu1p1/2 electronic level in Cys/Msc variants.[126] In parallel, the same 

splitting of the signal is observed for Cu2p2/3 binding energies of CuII/CuI in Msc 

(933.0/931.0 eV) and Cys (933.4/931.1 eV) (Figure 4.27). These values agree as well 

with the binding energies reported for CuII oxides and coordination compounds and 

CuI thiolates. From the intensity of each contribution, it can be concluded that the ¼ 

and ½ of the copper ions stabilized within the Cys and Msc variants have been reduced 

to CuI. 

 

Figure 4.27. Fitting of the XPS spectra for MOF-808@Cys and MOF-808@Msc materials. 

 

Voltamperometric measurements confirm the reversibility of the CuII Cu0 

redox pairs, and the influence of the (amino) acid coordination on the redox potentials 
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observed for each of the studied materials (Figure 4.28). This modulation of the redox 

characteristics of metal-sites is also observed in metalloenzymes when the amino acid 

residues participating in the coordination of the metal-sites are altered.[127]  

Overall, the amino acid functionalization of MOF-808 and the copper doping 

process does not only enable controlling the coordination environment of the copper 

ions immobilized within the framework, but their clustering degree and mixed 

oxidation state. All these features of the catalytic sites are foreseen to significantly 

affect the catalytic activity and affinity of the system. 

 

Figure 4.28. Cyclic voltammetry of MOF-808@His-Cu, MOF-808@Cys-Cu and MOF-

808@HisCys-Cu. 

 

Catalytic Wet Peroxide Oxidation (CWPO) of phenolic pollutants by  

MOF-808@His-Cu 

This section assesses the performance of the biomimetic systems studied for the 

Catalytic Wet Peroxide Oxidation (CWPO) of phenolic pollutants as phenol, catechol, 

hydroquinone, dopamine and 2,5-dichlorophenol. Due to the similarity with copper-

histidine metal-sites of laccases, the MOF-808@His-Cu100 catalyst was selected as 

the starting point for the study. 

By applying the chromogenic reaction between the model 2,4-DCP substrate and 

the 4-AP marker,[128] the laccase-like capacity of MOF-808@His-Cu to catalyze the 

oxidation of 2,4-DCP without the addition of an oxidant was firstly confirmed (Figure 

4.29a). The efficiency of MOF-808@His-Cu, both in terms of 2,4-diclhlorophenol 
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overall conversion and kinetics, was similar to reported laccase-like catalysts. When 

adding a co-oxidant as hydrogen peroxide to the reaction, MOF-808@His-Cu 

catalysts are able to activate the model 2,4-DCP substrate by performing a biomimetic 

peroxidase like oxidation (Figure 4.30a). Moreover, the MOF-808@His-Cu enhances 

the reaction rate by close to one order of magnitude, if compared with the one 

developed in the absence of hydrogen peroxide (Figure 4.30a). Although hydrogen 

peroxide is able to catalyze the wet oxidation of 2,4-DCP, the reaction rate and 

conversion values are negligible in comparison to the studied biomimetic system. In 

addition, the catalyst is able to oxidize phenol, catechol and hydroquinone, or more 

complex emerging phenolic pollutants as the dopamine hormone (Figures 4.29b and 

4.30b). 

 

 

Figure 4.29. (a) Chromogenic reaction for phenols oxidations with 4-aminoantipyrine. (b) 

Chemical structure of the phenolic pollutants employed in this work.. 
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From the UV-Vis absorbance value recorded at 510 nm and the rate of conversion 

after 2 hours of reaction, it can be concluded that the His-Cu variant of MOF-808 has 

a specific affinity to oxidize catechol and hydroquinone molecules, but predominantly 

dopamine. For instance, the kinetics and conversion efficiency of the CPWO for this 

substrate far exceeds the ones obtained for the other phenolic compounds (Figure 

4.30b). 

 

 

Figure 4.30. (a) Evolution of the absorbance during the 2,4-dichlorophenol oxidation 

without and with the addition of hydrogen peroxide to the media. (b) Absorbance value at 

510 nm for the CWPO of different model pollutants at 100 µg·mL-1. 

 

The response of our biomimetic catalyst system was also studied for  

2,4,-dichlorophenol, phenol, catechol, hydroquinone and dopamine oxidations at 

varying concentrations. First, it is interesting to observe how the reaction kinetics to 

oxidize phenol (Figure 4.31a) or 2,4-DCP (Figure 4.31b) are slower than the ones 

obtained for the transformation of catechol (Figure 4.31c), hydroquinone (Figure 

4.31d) and dopamine (Figure 4.31e) substrates. In addition, the sigmoidal profile of 

the kinetic curve for the hydroquinone oxidation suggests that there is a negative 

allosteric effect due to the substrate binding to the copper-metal sites. Therefore, the 

activity of MOF-808@His-Cu depends on the number and position of the hydroxyl 

groups within the aromatic ring of the studied substrates, but it is influenced as well 

by the existence of other substituent groups (as is the case of dopamine or 2,4-DCP 

substrates). Overall, the MOF-808@His-Cu exhibits enzymatic like kinetics, as 
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concluded from the Michaelis-Menten plot and the fitting of the experimental data 

shown in the Figure 4.32. For instance, the KM and Vmax values obtained from the 

Michaelis-Menten fit (Equation. 2.18 in Chapter 2) confirm that our biomimetic 

systems are more efficient for the oxidation of catechol or hydroquinone substrates in 

comparison to phenolic based ones (Table 4.5). 

 

Figure 4.31. (a-e) Concentration dependence on the CWPO of the different phenolic 

pollutants. 
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Figure 4.32. Michaelis-Menten plot for the CWPO of Catechol, Phenol,  

2,4-dichlorophenol, Hydroquinone and Dopamine with MOF-808@His-Cu100.  

 

Table 4.5. Kinetic parameters of the reactions catalyzed by MOF-808@His-Cu at 21 °C. 

Substrate KM (mg·mL-1) Vmax (sec-1·106) 

2,4-Dichlorophenol 361 ± 86 519 ± 80 

Phenol 258 ± 144 704 ± 257 

Catechol 53 ± 10 466 ± 34 

Hydroquinone 10 ± 1 258 ± 6 

Dopamine 15 ± 8 290 ± 5 

 

Even if the CWPO is a green and highly appealing approach to face the 

mineralization of phenolic compounds in polluted waters, the oxidative routes for 

phenol can accelerate the generation of catechol, hydroquinone and benzoquinone 

products at the first stage of the reaction. These intermediates exhibit even higher 
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environmental risks than the parent pollutant. So, as reported by A. Azizi et al.,[129] an 

efficient oxidation of these intermediates is necessary to induce the aromatic ring 

opening, and the subsequent generation of linear carboxylic acids until their 

mineralization is completed. Thus, it is important to follow up the oxidation process 

to identify the intermediate products generated during the reaction. 

Although the chromogenic protocol employed in the initial stage of this work 

allows a rapid and easy experimental access to evaluate the CWPO activity, liquid 

chromatography is necessary to monitor the catechol and hydroquinone generation 

during the catalytic wet oxidation of phenol. The results of the experiment have been 

plotted in the Figure 4.33. First, it is important to note that the MOF-808@His-Cu100 

is able to oxidize nearly 75 % of the phenol in less than three hours, reaching an 87.5% 

conversion in 20 h at RT. Nearly half of the amount of by-products generated during 

the first 4 h cannot be retained by the chromatographic column employed for catechol 

and hydroquinone. This fraction of the reaction was tentatively ascribed to the 

carboxyl groups generated after the ring-opening stage of the reaction. Interestingly, 

the oxidation of phenol to catechol is slightly more favorable than the one for 

hydroquinone. Nevertheless, after 4 h, the catalyst is still able to degrade 

hydroquinone and phenols, whilst the concentration of catechol remains unaltered. At 

this point, it is important to note that higher catalyst loadings or H2O2 concentrations 

could contribute to further displace the oxidation into non-environmentally hazardous 

by-products as carboxyl acids, preventing the generation of highly-concerning 

hydroquinone or catechol intermediates. 

Further research is needed to endow this biomimetic systems with higher chemical 

stability, since a partial leakage of copper ions to the medium has been detected after 

the phenol oxidation experiment performed with the MOF-808@His-Cu100 variant. 

Indeed, the XRF spectra indicates that nearly 40% of the copper ions are lost during 

the catalytic tests. 
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Figure 4.33. Kinetics of the catalytic wet oxidation of phenol and of its degradation 

products with MOF-808@His-Cu100 followed by liquid chromatography.  

 

Catalytic activity and selectivity dependence on the Copper-active 

center 

Once the biomimetic activity of the MOF-808@His-Cu system has been 

confirmed, the influence on the catalytic activity of the (i) clustering degree and (ii) 

coordination sphere of the copper metal sites stabilized within MOF-808@(amino) 

acid system was studied. To this end, the CWPO reactions of 2,4-DCP and 

Hydroquinone were carried out at the same conditions for all the developed catalysts. 

In addition, the UV-Vis absorbance of the reaction media was normalized to the 

copper content of the different catalysts listed in the Table 4.4. In general terms, the 

higher copper loadings in the MOF-808@(amino) acid system lead to faster kinetics 

and higher conversion efficiency. Figure 4.34 shows an analogue of turnover 

frequency (TOF) per copper ion, allowing to assess the activity of each single catalytic 

site. 

It is important to remember that as revealed by EPR, the clustering degree of the 

copper ions immobilized into the MOF-808@His matrix can be controlled by 
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performing its metalation with solutions with increasing metal-concentration. 

Therefore, the clustering of the copper ions installed into MOF-808@His increases 

progressively for Cu-10, Cu-50 and Cu-100 variants of the material. The kinetics of 

2,4-DCP oxidation strongly depends on the presence of single-copper metal-sites in 

the catalysts, since the TOF per copper is significantly greater for MOF-808@His-

Cu10 than for Cu50 and Cu100 variants (Figure 4.34a). That is, the activity per 

catalytic site seems inversely related to the copper clustering. In contrast, for the 

CWPO of hydroquinone some degree of copper-clustering is beneficial, since the 

conversion for MOF-808@His-Cu50 is better than for Cu-10 and Cu-100 catalysts 

(Figure 4.34b). 

In a second attempt, the effect of the coordination environment of the copper ions 

installed into MOF-808@(amino) acids on their catalytic activity was studied for the 

abovementioned two reactions. In agreement with the results obtained for MOF-

808@His-Cu, the MOF-808@(amino) acid materials featuring less copper clustering 

(i.e. Cit > His ~ His/Cys > Mal > Cys > Msc) exhibit better efficiencies for the 2,4-

DCP oxidation (Figure 4.34c). Even if the MOF-808@(amino) acid catalysts show 

similar degree of copper clustering in the active sites, small variations of their 

coordination environment induces significant changes on their oxidative activity, as 

is the case of His, His/Cys and Cys variants studied in this work. The tendency 

observed for the 2,4-DCP oxidation is reversed when studying the CPWO of 

hydroquinone (Figure 4.34d). In this case, the best conversion is achieved by the Cys-

Cu variant, followed by the Cys/His and His based compounds. It is interesting to note 

the significant differences observed in transformation rate of hydroquinone. His, Cys, 

HisCys and Msc variants show a fast transformation of the substrate in the first 20 

minutes until the evolution is frozen, whilst Mal and Cit based compounds exhibit 

slower kinetics but a constant hydroquinone oxidation along the 120 min of the 

experiment. This fact points out that the coordination sphere of copper ions does not 

only modulate its overall efficiency to oxidize hydroquinone, but also the kinetics of 

the transformation at the initial stages of the reaction. 



Chapter 4 

250 
 

 

 

Figure 4.34 Kinetics of CWPO of 2,4-dichlorophenol and hydroquinone of (a) MOF-

808@His-Cu system with increasing doping of copper, and (b) MOF-808@(amino) acid-Cu 

catalysts exhibiting Cu-catalytic sites stabilized by different amino acid and acid residues. 

For all the reactions, the absorbance value recorded at 510 nm was normalized to the copper 

content of each material to obtain the turnover frequency (TOF). 

 

Mechanisms of CWPO in MOF-808@(amino) acid-Cu systems 

Based on the kinetic evidence shown earlier, two key features need to be considered 

when proposing a possible oxidative mechanisms: (i) the coordination modes of the 

copper ions stabilized within the MOF-808@(amino) acid materials and (ii) the 

activity shown by the individual catalysts studied in contrast with the possible 

mechanistic pathways shown by the reported copper coordination complexes in 

solution.[95,130,131] The tentative structural models constructed for the MOF-

808@(amino) acid materials allow to qualitatively evaluate the distance between the 

potential metal-coordination groups within the pore space of the material. 
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It is well known that the anchoring mechanism of the (amino) acid molecules to 

MOF-808 is mainly given through their coordinative binding to the equatorial plane 

of the Zr6O4(OH)4 secondary building units (Figure 4.35a.3). In fact, starting from the 

crystal and chemical structures of the MOF-808 and of the (amino) acid molecules 

employed in this study, a qualitative description of their disposition within the pore 

space of the material can be done by building up tentative structural models where the 

(amino) acid molecules are coordinated to the defective positions of the zirconium 

clusters of the MOF-808 framework (Figure 4.35a.1-3). Overall, after SALI,[22] the 

side chains of (amino) acids are foreseen to point towards the center of the 12 Å pore-

window that give access to the adamantane 18 Å pores of MOF-808. Hence, (amino) 

acid functionalized MOF-808 will show a decoration of its pore space with imidazole, 

thiol, amine or carboxyl groups (or their combination) able to bind copper ions in a 

cooperative manner. Our qualitative structural models enable evaluating the distances 

between the metal-coordination groups decorating the pore space of the MOF-

808@(amino) acids (Figure 4.35b.1-b.2). In general terms, the distance between R1 

and/or R2 groups of amino acid molecules installed in adjacent zirconium clusters 

(i.e. defined as d2 in the Figure 4.35b.2) is ≥ 4 Å, whilst the separation between the 

R2 groups of (amino) acid molecules anchored to adjacent clusters of the crystal 

structure (i.e. defined as d1 in the Figure 4.35b.2) is ≥ 7 Å. The histidine variant is an 

exception to this general rule where d1 could be ≥ 4 Å.  

Cu-O and Cu-N bonds usually show lengths close to 2 Å if they form part of the 

equatorial plane of copper’s coordination sphere. Therefore, a R1-Cu-R1 direct 

linkage (~ 4 Å) could fit with the separation between the R1 groups of (amino) acid 

molecules attached to adjacent zirconium clusters into the MOF-808 structure. In 

contrast, the connection of the R2 group of (amino) acids placed at opposite sides of 

the pore-window need to involve at least two copper ions linked by an intermediate 

water, hydroxyl or oxygen specie (R2-Cu-O-Cu-R2, dR2-R2 ~ 8 Å).  
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Figure 4.35. (a.1) Local structure of zirconium hexanuclear clusters in MOF-808. (a.2) 

Simplified chemical structure of (amino) acid molecules. (a.3) Tentative local structure of 

zirconium hexanuclear clusters after their functionalization. Color code: Red – Zirconium. 

Light blue – Oxygen. Grey- Carbon. (b.1) Chemical structure and metal coordination 

groups of (amino) acid functions installed into MOF-808. (b.2) Simplification of the pore 

structure of MOF-808 once functionalized with (amino) acids. 

 

In addition to the distances between the copper coordination groups, many of the 

(amino) acid molecules employed to decorate the MOF-808 pore space can also act 

as multidentate linkers able to coordinate one or several copper ions. In order to 

illustrate this point, a search for copper-(amino) acid complexes was performed in the 

Cambridge Structural Database[132,133] to evaluate the possible coordination modes of 

the copper-(amino) acid system in detail. Considering this information, various 

possible coordination modes are identified for copper ions within the MOF-

808@(amino) acid system: (i) Monodentate or bidentate coordination of a single CuII 

ion by a single (amino) acid (Figure 4.36a1-a3),[134–136] (ii) bidentate coordination of 

clustered CuII ions by a single (amino) acid (Figure 4.36a4), and (iii) cooperative 
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coordination of single and clustered ions by two of the (amino) acid molecules 

installed within the MOF-808 in adjacent (Figure 4.36b1-2) and/or opposite zirconium 

cluster units (Figure 4.36c1-2).[137–141] In addition to this, it is important to consider 

that Cys and Msc functionalities can stabilize the copper ions as CuI. Thus, if catalytic 

sites are formed by clustered species, both CuII and CuI ions could be found in the 

same system. 

The activation of hydrogen peroxide by copper-metal complexes has been widely 

applied to chemical synthesis, environmental control, effluent treatment and 

sterilization.[142] The activation of the hydrogen peroxide by transition metal-ions, and 

specifically by copper-complexes, follows two possible routes: (i) Metal-H2O2-

complexation: its direct complexation with the copper metal-centers as 

hydroxoperoxo, peroxo, or oxo species that trigger the substrate oxidation (Figure 

4.36d, and (ii) Fenton route: via its conversion to hydroxyl radical (•OH) coupled to a 

redox reaction of the copper center (Figure 4.36d).[143,144] Today, it is still unclear if 

the reaction in copper complexes studied in solution proceeds via a single reaction 

path or via the combination of both possible routes.[145] In addition, the identification 

of the active oxidative species coordinated to the copper ions (i.e. oxo, peroxo or 

hydroxoperoxo) is as well challenging due to their transient nature. 

In contrast, our biomimetic copper system seems to preferentially catalyze the 

peroxo complexation route, since in MOF-808@(amino) acid variants with stabilized 

CuI, the catalytic activity per site is significantly lower than for catalyst where copper 

is mainly stabilized as CuII (Figure 4.36e). This preference is not given by the redox-

unfeasibility of the copper-sites installed with the MOF-808@(amino) acid system, as 

demonstrated by the cyclic voltammetry measurements. In addition, the efficiency of 

the hydroquinone transformation by clustered CuII centers in comparison to the 

isolated-copper ones also provides a valuable mechanistic information. It is important 

to note that for hydroquinone oxidation an important negative allosteric effect was 

observed for several catalysts, a fact that is usually ascribed to the coordination of the 

substrate to the active site. In copper-clustered catalyst, the formation of the copper-

peroxo active species in a position of the catalytic-site could aid to unlock the copper-

ions blocked by substrate species nearby the first ion (Figure 4.36e). 
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Figure 4.37. Tentative coordination modes of copper (Cu) ions within MOF-808 via (a.1-

a.4) single site adsorption or (b.1, b.2, c.1-c.2)) cooperative adsorption. Mechanisms of 

H2O2 activation in (d) copper complexes and (e) copper metal sites in MOF-808@(amino) 

acid system. 
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4.2.3. CONCLUSIONS 

The chemical encoding of MOFs with amino acid and acid functions enables the 

subsequent adsorption-driven immobilization of copper sites with controlled 

coordination environments and clustering degrees within these porous and ordered 

materials. The engineered heterogeneous biomimetic copper-catalysts show laccase 

and peroxidase like enzymatic activities over model and real phenolic pollutants. 

Similarly than metalloenzymes, the catalytic activity and selectivity of our biomimetic 

systems depend on: (i) the amino acid and acid residues coordinating the copper metal 

sites and (ii) the clustering degree of the copper catalytic centers installed within the 

pore space of MOF-808. Further research is needed to fully understand the activation 

of hydrogen peroxide by the copper-sites, and the evolution of the oxidation state and 

of the coordination environments of the catalytic centers, especially for reactions 

where a negative allosteric effect has been observed during the first stage of the 

phenolic wet oxidation. In return, this work open the perspective of copper enzyme 

mimicking and fine tuning in MOFs, as well as for their future application in added 

value enantioselective catalysis. 
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Chapter 5  
Polymer@MOF composites for water 

remediation 
 

Metal-organic frameworks (MOFs) have shown to be highly efficient sorbents to 

recover metal ions from wastewater. However, there are three main drawbacks that 

hinders the MOF’s applicability as heavy metal remediation systems. The first one is 

related to their powder nature, which makes their recovery from water time and energy 

consuming, as filtration or centrifugation techniques are usually needed.[1] Second, 

MOFs exhibit limited processability to shape them as millimetre to macrometre size 

objects like filters or membranes. Last but not least, even if MOFs exhibit record 

surface areas, most of them are microporous, and thus, their adsorption capacity is 

limited to small elements as ions or molecules as dyes or drugs.  

In this regard, the hybridization of active sorbents such as MOFs with mechanically 

robust polymeric matrixes stands out as one of the most appealing strategies to solve 

the abovementioned handicaps. Polymeric composites bring the opportunity to merge 

the functions of the MOF microporous sorbents with the easy manipulation of filter 

or membrane technologies. In addition, the polymeric matrixes can be processed to 

endow them of meso to a macroporous interconnected structure.[2] What is more, the 

variety of possible polymers and sorbents combinations,[3,4] and the control over the 

final macro to micropore structure of the composite membranes, opens up the 

perspective to obtain easily recoverable, reactivable, and function/pollutant-tailored 

filter or membrane devices for water remediation purposes.[5–9] However, MOF-

polymer hybridization remains a challenge since involves merging two types of 

materials, each with their unique intrinsic characteristics. 

It is important to note that, among several parameters, the properties and 

functionalities of a polymeric nano-composite is highly dependent on (i) the 

dispersion and distribution of the nano-material in the polymeric matrix and (ii) the 

interfacial interaction between the surface of the nanomaterial and the matrix.[10] 

Nevertheless, these two features of polymeric composites systems have been scarcely 
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studied, being the interface between the polymer and the MOF a specially unexplored 

point of these complex materials. This elusive region of the composite systems 

requires of quite advanced experimental approaches, as small angle scattering 

techniques, to unravel its characteristics. Considering all the landscape, several 

challenges arise when polymer@MOF composites are synthetized: 

 To obtain a good dispersion and a stable integration of the MOF particles into 

the polymeric matrix. 

 To achieve the MOF immobilization at the surface of the membrane’s pores 

instead inside the polymer matrix to enhance the accessibility of MOF to the 

water media migrating across the composite system. 

 To integrate the MOF without affecting the processing of the polymer. 

 To obtain a highly interconnected macro-meso structure in the polymer. 

 To engineer a composite without altering the individual MOF’s or polymer’s 

properties for water remediation. 

 

As it is difficult to cover the entire spectrum of the research opportunities in the 

timespan of a thesis project, we have focused our efforts on two case-studies. First, 

we have investigated how the nano-structuration of PVDF-HFP@MOF composites 

impacts their adsorption performance. Second, we have evaluated the meso to 

nanoporous nature of Chitin@MOF system as wide range adsorbent for small to large 

size inorganic and organic pollutants. 
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5.1. UNRAVELLING THE MICRO TO NANOSTRUCTURE OF PVDF-HFP@MOF 

WATER REMEDIATION MEMBRANES BY SMALL ANGLE SCATTERING  

Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), is a chemical, 

thermal and mechanical robust polymer widely employed for water remediation 

purposes (i.e. removal or separation of organic and inorganic pollutants,[11] organic 

matter,[12] ions (desalination)[13,14] and heavy metals).[15] In addition to this,  

PVDF-HFP has an easy and widely-studied processability, which opens the 

perspective to shape it as water-filters and membranes with outstandingly varied 

porous structures.[16] 

Generally speaking, the properties of PVDF-HFP membranes for water 

remediation are based on the size exclusion methodology provided by their porous 

structure. That is, depending on their porosity and structure, they can be used as 

membranes from microfiltration to nanofiltration, or even, reverse osmosis.[15,17] 

However, the permeability and adsorbing capacity of these membranes is drastically 

limited because of their overall hydrophobicity. The integration of nanomaterials, and 

especially of porous Metal-Organic Framework nanomaterials, into the polymeric 

porous structure of the PVDF-HFP membranes, has arisen as a smart and 

straightforward strategy to improve the hydrophilicity of membranes or filters based 

on this per-fluorinated polymer.[18,19] In parallel, the engineering of PVDF-

HFP@MOF composites can endow these systems of a multifunctionality, easy 

recoverability, reactivation and reusability that the individual elements lack. 

Among all the processing routes that PVDF and its co-polymers offer, phase 

inversion techniques are ones of the most employed to obtain a PVDF membrane with 

an interconnected porous structure suitable for water remediation applications. Phase 

transformations of PVDF involves the transition from a homogeneously dissolved 

polymeric units in a liquid media to their conformation as a porous interconnected 

solid with the desired micrometric shape (i.e. membrane). The process can be 

achieved by following different routes as: thermally induced phase separation (TIPS), 

non-solvent induced phase separation (NIPS), vapour-induced phase separation 

(VIPS) and evaporation induced phase separation (EIPS).[16,20] The type and 
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conditions of the phase separation have great influence on the PVDF micro to 

macrometer pore structuration, as well as on the fillers homogeneous or 

heterogeneous integration and/or segregation on the PVDF-matrix. 

Moreover, the processing of the PVDF is key to: (i) avoid the full encapsulation of 

the MOFs within the polymeric matrix, (ii) enhance their surface exposure into the 

interconnected pore-space of the polymeric matrix, and (iii) prevent their detachment 

during working and activation conditions.[21] Overall, these characteristics are closely 

related to the structuration of the composites from the macroscopic to the nanoscopic 

perspectives. Even if several PVDF-HFP composites have been profoundly studied 

from macro to microscopic regimes, the investigations aiming to unravel the 

nanostructure of these composites via small angle scattering techniques (i.e. small 

angle X-ray (SAXS) and neutron (SANS) scattering) are still limited.[22] This point is 

far to be trivial, since SAXS and SANS can give access to unravel key aspects of these 

composites, such as (i) the disposition of the MOF particles into the PVDF structure, 

(ii) the interconnexion of their pore-space or (iii) the interface between the MOF and 

the PVDF components.[23,24] All these features may have a great impact in the 

functionality of the composite membranes to capture the target pollutants. 

In this work, the templating effect of the MIL-125, UiO-66-NH2 and MOF-808 

fillers in the porous structure and physicochemical properties of PVDF-HFP@MOF 

composites processed by TIPS and NIPS has been investigated. The macro, meso and 

microporous structure of the PVDF-HFP@MOF composites has been characterized 

by a combination of specific experimental techniques such as scanning electron 

microscopy and mercury intrusion porosimetry. The study has been extended to small 

angle neutron and X-ray scattering experiments, which provide a complete insight of 

the interphase and structuration of PVDF-HFP@MOF composites at the nanoscale. 

Finally, the performance of the MOF particles immobilized in the PVDF-HFP 

membranes to adsorb hexavalent chromate oxyanions (CrO4
2-) has been evaluated. 

The encapsulation degree of the MOF particles within the membrane has been 

determined comparing their adsorption capacity over CrVI before and after their 

immobilization. In parallel, the post-synthetic functionalization of the MOF-808 

immobilized into the PVDF-HFP has been carried out in order to adapt its adsorption 
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affinity to soft metal cations as HgII. Overall, the adsorption performance of the MOFs 

immobilized in the composite membranes over cationic and anionic species have been 

correlated with the macro to nano-structural features of the system. 

 

5.1.1. EXPERIMENTAL PROCEDURE 

Synthesis of MIL-125  

MIL125-R was synthetized by reflux adapting the protocol described previously 

by Wang et al.[25] BDC (7.70 g) was dissolved in 100 mL of DMF under reflux and 

continuous stirring at 100 °C for 1 h. Then, 28 mL of methanol was added to the 

solution and further stirred for 1 h. Afterwards, 8.4 mL of Titanium isopropoxide 

(Ti(iPrO)4) was added drop by drop to prevent the formation of agglomerates. The 

reaction was refluxed for three days, recovered by centrifugation, and thoroughly 

washed with DMF (100 mL, three times) and methanol (100 mL, three times) over 

the period of three days to remove the non-reacted reagents. Finally, it was dried at 

80°C during one day. 

 

Synthesis of UiO-66-NH2 

A slightly modified solvothermal synthesis was employed to prepare a  

UiO-66-NH2 nanometric sample as previously reported[26]. Zirconium chloride (ZrCl4, 

0.5418 g) was dissolved in 60 mL of dimethylformamide (DMF) under stirring in a 

Pyrex® autoclave. Afterwards, aminoterephthalic acid (BDC-NH2 0.185 g) and 

distilled water (1.5 mL) were dropwise added to the zirconium chloride solution. The 

reactor was heated in an isothermal oven at 80 °C for one day. The material was 

recovered by centrifugation, washed with DMF (100 mL, three times) and methanol 

(100 mL, three times) over a period of three days. Finally, it was dried at 80 °C during 

one day. 
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Synthesis of MOF-808 

Trimesic acid (BTC, 2.1 g, 10 mmol) and zirconium dichloride oxide octahydrate 

(ZrOCl2·8H2O, 9.7 g, 30 mmol) were dissolved in two DMF/formic acid solutions 

(225 mL/225 mL each), that later on were mixed in a 1 L screw-capped glass jar. 

Afterwards, the reaction was performed at 130 °C for 48 h in an isothermal oven.[27] 

The white precipitate was collected by centrifugation and washed with DMF (100 mL, 

three times) and methanol (100 mL, three times) over a period of three days. Finally, 

the sample was dried at 80 °C for one day. 

 

Functionalization of MOF-808 particles 

Solvent assisted ligand incorporation (SALI)[28] was performed into water solutions 

of cysteine (Cys). To this end, 300 mL of a 0.05 M water solution of cysteine was 

prepared in a 500 mL autoclave at 60 °C. MOF-808 (600 mg) was dispersed under 

continuous stirring during 1h in the cysteine solution and heated at 60 °C for 24 h in 

an isothermal oven. MOF-808@Cys was recovered by centrifugation and washed 

with water (100 mL, three times) (12 h each) and then with 100 mL methanol other 3 

times (12 h each). Finally, the samples were dried at 80 °C overnight (12 h) and stored 

in a desiccator. 

 

Membrane preparation and in-situ functionalization 

PVDF-HFP@MOF membranes were prepared through two different phase 

inversion methods: thermal induced phase separation (TIPS) and non-solvent induced 

phase separation (NIPS). 

For both procedures, the first step is the preparation of the PVDF-based solution. 

For the samples without MOF particles, 1 g PVDF-HFP was dissolved in 6 mL of 

DMF (15 % wt solution) and stirred magnetically until a homogeneous solution was 

obtained. For the membranes prepared with different MOF loadings, first, the MOF 

particles were dispersed via sonication in the DMF, and then the PVDF-HFP was 
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added until a homogeneous mixture was obtained. A resume of the quantities used for 

each composite can be found in Table 5.1. 

 

Table 5.1. Quantities of PVDF-HFP and MOFs used for the preparation of the membranes 

Sample PVDF-HFP (g) MOF(g) DMF (mL) 

PVDF-HFP 1.00 0.00 6 

PVDF-HFP@MIL-125 10% 0.90 0.10 6 

PVDF-HFP@UiO-66-NH2 10% 0.90 0.10 6 

PVDF-HFP@MOF-808 10% 0.90 0.10 6 

PVDF-HFP@MOF-808 30% 0.70 0.30 6 

 

Once a homogeneous PVDF-HFP solution and PVDF-HFP/MOF dispersions were 

obtained, two different methodologies were followed to process the composites. For 

TIPS membranes (Figure 5.1a), the solution/dispersion was spread on a glass substrate 

by doctor blade with a selected thickness of 250 µm. Then, the film was placed in an 

air oven at 25 °C for three days to evaporate the DMF solvent. For NIPS membranes 

(Figure 5.1b), the solution was also spread on a glass substrate by doctor blade, but 

the film was immediately placed in a water bath at 75 °C temperature for 30 minutes. 

Then, the film was immersed in clean water at room temperature for 5 minutes to 

remove traces of the solvent, and finally it was allowed to dry at room temperature for 

24 hours. 

For the functionalization of the PVDF-HFP@MOF-808 membranes with cysteine, 

the procedure was similar to the one applied for the MOF-808 particles 

functionalization. 100 mg membrane were immersed in 100 mL of a 0.05 M cysteine 

solution and heated at 60 °C for 24 h. Then, the membranes were washed with water 

two times and dried at room temperature for 24 h. 
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Figure 5.1. Schematic representation of PVDF-HFP film preparation methods: (a) TIPS and 

(b) NIPS. Reproduced with permission from Ribeiro et al.[16] 

 

CrVI adsorption experiments 

The adsorption capacity over CrVI of the free MOFs (MIL-125, UiO-66-NH2 and 

MOF-808) and of the PVDF-HFP@MOF composites processed by TIPS and NIPS 

was studied in parallel and employing the same MOF: solution ratio for both the free 

materials and the membranes. For the adsorption experiments using free MOF 

particles, 5 mg of MOF were dispersed in 50 mL of a 5 ppm heavy metal solution and 

stirred overnight. Then, they were filtrated with nylon filters (0.22 µm) and the metal 

concentration was analysed. For the adsorption experiments using the membranes, 10 

mg of the membrane was introduced in 10 mL CrVI solution at 5 ppm. The membrane 

was recovered after the adsorption, and the CrVI concentration of the solution was 

quantified through UV-Vis spectroscopy by applying the previously reported diphenyl 

carbazide (DPC) colorimetric methodology (see Chapter 2, section 2.3.3). Triplicate 

experiments were performed at the same conditions in order to determine the 

uncertainty of the protocol. 
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HgII adsorption experiments 

The PVDF-HFP@MOF-808 composite membranes were in situ functionalized 

with cysteine in order to study the modulation of the adsorption affinity of the  

MOF-808 immobilized into the polymeric matrix for cationic species as HgII. To this 

end, HgII punctual adsorption experiments were performed in cysteine functionalized 

and non-functionalized membranes. As previously reported in this thesis, the 

encoding of MOF-808 with cysteine shifts the adsorption affinity of the materials 

towards soft cations such as HgII. 

The adsorption experiments were performed following the same procedure used 

for CrVI adsorption. HgII concentrations were quantified by means of ICP-AES. 

Similarly than for CrVI adsorption experiments, triplicate experiments were performed 

at the same conditions in order to determine the uncertainty of the protocol. 

 

5.1.2. RESULTS AND DISCUSSION 

MOF characterization 

As mentioned before, the Metal-Organic Frameworks employed in this work were 

selected due to their (i) good water stability, (ii) affinity towards adsorption of metal 

oxyanions, and (iii) chemical functionalizability to modulate their adsorption 

properties. Once synthesised, solvent exchanged and activated, a full characterization 

of the MOFs and PVDF-HFP@MOF membranes was performed by XRD, IR, CO2 

adsorption and TGA. 

The visual comparison between the experimental and simulated X-ray diffraction 

patterns of the MOF-808, UiO-66-NH2 and MIL-125 materials reveals a full 

agreement among them. The absence of additional maxima discards the existence of 

secondary impurities in the samples. Full profile matching fitting further confirms the 

initial analysis of the XRD data (Figure 5.2). As expected, a slight broadening of the 

diffraction maxima is observed due to the nanometer-scale size of the MOF crystals, 

especially for MOF-808 and UiO-66-NH2. As confirmed by SEM, these MOFs show 
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a smaller particle size (50-200 nm) in comparison to the one of MIL-125 (100-500 

nm) (Figure 5.3). 

 

Figure 5.2. Full profile matching analysis of the XRD-patterns of MIL-125, UiO-66-NH2 

and MOF-808 samples.  

 

The SEM images (Figure 5.3) show that UiO-66-NH2 crystalizes as spherical 

particles of approximately 50-100 nm of diameter. Nevertheless, it is worthy to point 

out that an important agglomeration between the UiO-66-NH2 particles has been 

observed by scanning electron microscopy. MOF-808 shows particles of around 150-

200 nm, but less agglomerated than the ones observed for the UiO-66-NH2 samples. 

Finally, MIL-125 is the most heterogeneous material in terms of particle size 

distribution. With diameters that go from 100 nm to 500 nm, MIL-125 crystallizes as 

cylindrical crystals that show a negligible agglomeration, as perceived in the SEM 

images. 
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Figure 5.3. SEM images of (a) MIL-125, (b) UiO-66-NH2 and (c) MOF-808 samples.  

 

Thermogravimetric curves of the three studied MOFs (Figure 5.4a) are similar  

to the ones reported in previous studies.[26,29] In general, the thermal processes 

associated to the loss of solvent molecules (30 - 120 ºC), coordinated species  

(120 - 350 ºC) and calcination of the organic linkers (350 - 600 ºC) are observed  

in the thermogravimetric curves. In addition, the type I CO2 adsorption isotherms 

(Figure 5.4b) confirm the microporous nature of the compounds. The surface area, 

calculated from the linearized fitting of the adsorption isotherm, is in the usual ranges 

reported in previous investigations for these materials (MIL-125[30] = 785 m2·g-1,  

UiO-66-NH2
[31] = 922 m2·g-1, MOF-808[32] = 1037 m2·g-1). 

 

 

Figure 5.4. (a) Thermogravimetric analysis and (b) CO2 adsorption isotherms acquired at  

0 ºC for the three MOFs. 
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Macro to microporous structure of PVDF-HFP@MOF composites 

The presence of the MOF in the PVDF-HFP composites was confirmed by infrared 

spectroscopy (Figure 5.5a-b) and powder X-ray diffraction (Figure 5.5c-d). Infrared 

spectra point out that PVDF-HFP@MOF membranes are stabilized as both α and β 

phases. The bands corresponding to β phase are found at 1234 and 840 cm-1, while the 

bands corresponding to α phase are located at 976 and 763 cm-1.[33] It is not fully clear 

if a minor content of the γ-PVDF phase is also present in the composites, as it’s 

characteristic signal (833 cm-1) is located next to the one corresponding to the β phase. 

The inclusion of the MOFs does not seem to modify the crystallization phase of the 

polymeric matrix, with the exception of the band located at 763 cm-1 that corresponds 

to α phase, which gains intensity in TIPS membranes after the incorporation of the 

particles. 

 

Figure 5.5. (a-b) FTIR spectra and (c-d) X-ray diffraction patterns for neat PVDF-HFP and 

different PVDF-HFP@MOF composites.  
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XRD patterns of the composites confirm the presence of MOF materials after their 

integration within the PVDF-HFP polymeric matrix (Figure 5.5c-d). The 

characteristic diffraction maxima of the MOFs can be easily recognized in the XRD 

patterns of all the membranes. It is important to note, that even if the MOF loading in 

the polymeric matrixes is the same for NIPS and TIPS membranes, the intensity of 

the diffraction peaks associated to the MOFs are quite different. This could be related 

with a heterogeneous distribution of the MOF in the polymer, being the TIPS 

membranes the ones that seem to have a higher density of MOF particles near the 

surface of the membrane. 

The processing method also induces a change in its X-ray diffraction signal coming 

from the polymeric matrix. Both membranes present the diffraction maxima and their 

relative intensity expected for the alpha phase of the material. However, the mean 

height width of the maxima in the membranes processed by TIPS and by NIPS is 

different. In general terms, the composites processed by TIPS present more defined 

and narrow diffraction maxima, and therefore, a higher crystallinity in comparison to 

the NIPS homologues. 

Thermogravimetric data of PVDF-HFP@MOF composites point out that the 

integration of the MOF particles reduces the thermal stability of the polymeric support 

(Figure 5.6a-b). The thermal collapse of the PVDF-HFP matrix consists of two 

overlapped weight losses from 425 to 450 °C and 450 to 600 °C. This weight losses 

are related to PVDF carbon-hydrogen and carbon-fluoride bond scission, and occur in 

two partially overlapped steps due to the difference in the bond strength of C–H 

compared with C–F (410 and 460 kJ·mol−1, respectively).[21,34–36] MOF particles 

reduce the degradation temperature as well as the percentage of weight loss associated 

to the initial step, which is ascribed to the thermal collapse of the polymer. This trend 

has also been reported for PVDF composites including other inorganic and organic 

fillers.[33,37,38] 

In line with the thermogravimetric analyses, the DSC measurements of the PVDF-

HFP and PVDF-HFP@MOF samples (Figure 5.6c-d) exhibit the characteristic 

endothermic peak corresponding to the melting temperature of the polymer (∼140 

°C), but also an endothermic process (60–90°C) related to the dehydration of the MOF 
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compounds. On the other hand, during the cooling process, the crystallization of the 

polymer is detected approximately at ~100 °C. 

 

Figure 5.6. (a-b) Thermogravimetric analysis and (c-d) differential scanning calorimetry for 

neat PVDF-HFP and different PVDF-HFP@MOF composites.  

 

As revealed by scanning electron microscopy, TIPS processing generates  

PVDF-HFP-composites with a slightly heterogeneous porous structure composed of 

interconnected macro-pores. This structuration is similar both in the cross-section and 

at the surface of the membranes, as suggested by SEM micrographs (Figure 5.7). The 

SEM images of composites’ surface show a heterogeneous pore distribution ranging 

from 5 to 10 µm, suggesting a highly accessible interphase for the pollutants’ 

migration into the membrane. 
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Figure 5.7. SEM images of TIPS membranes. 

 

The inclusion of MOF particles at the PVDF-HFP porous matrix slightly alters the 

geometry and pore size of the membrane at its surface and inner structure. Moreover, 

depending on the MOF integrated within the polymer, the change in the morphology 

differs. The inclusion of MIL-125 induces a homogenization of the PVDF-HFP inner 

structure, while it slightly increases the average pore size of the PVDF-HFP structure 

until ~ 10 µm. In contrast, the porosity on the surface of the composite is significantly 
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reduced in comparison to the one of the bare PVDF-HFP. When UiO-66-NH2 is 

introduced into the membrane, the main diameter of the pores at the inner structure 

and at the surface of the composite is slightly reduced, but in general terms, a well-

interconnected pore-network is maintained. Finally, the inclusion of MOF-808 is the 

one that alters most the porosity. On one hand, the size of the surface pores is 

maintained, but they show a heterogeneous distribution that leads to the generation of 

highly-porous and non-porous domains at the surface of the membrane. On the other 

hand, the inner pores of the membrane are significantly elongated and better defined 

than in the parent PVDF-HFP membrane. The macro-pores at the body of the 

membrane have an average size close to 10 µm, but they are well interconnected by 

narrower pore windows. In addition, the MOF-808 particles are homogeneously 

placed decorating the inner surface of the pore structure. In the case of the MIL-125 

or UiO-66-NH2 based composites, in addition to MOF particles located at the surface 

of the PVDF-HFP structure, significant agglomerates of MOF particles have been 

detected as well within the pores of the PVDF-HFP matrix. 

At this stage, it is difficult to conclude by SEM if all the MOF components of the 

composites (i.e. single particles or agglomerates) are fully accessible to the water 

media that will permeate the system, or a fraction of them is partial or fully 

encapsulated within the polymer structure. In any case, MOF-808 particles seem to be 

better dispersed and homogeneously disposed along the surface of the PVDF-HFP’s 

pores in comparison to the ones of UiO-66-NH2 and MIL-125. This homogeneous 

covering of the PVDF-HFP’s pores by the MOF-808 particles led us to think that they 

may have a better accessibility, and hence performance, to adsorb metal ions. 

On the other hand, NIPS method generates PVDF-HFP-based composite 

membranes with an anisotropic structure and pore distributions (Figure 5.8). Big pores 

of about 10 µm of diameter appear near to the surface of the composite, while smaller, 

anisotropic and elongated pores of about 2-3 µm of diameter are generated at the bulk 

of the membrane. In addition, the surface of the NIPS membrane exhibits a thin layer 

with a compact structure with isolated pores. It is important to point that the diameter 

of the pores generated within this thin layer of the NIPS membranes are considerably 

smaller (i.e. 300 nm of diameter) than the ones observed for TIPS homologues. In 
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addition, the pores are isolated from each other. The structure of the thin film at the 

surface of the membrane is generally maintained when the MOFs are incorporated 

into the polymer, with the exception of MOF-808, where its insertion causes a curious 

change in its porosity (diameter and density of pores at the surface). In addition, the 

MOF particles modulate as well the anisotropic structuration within the body of the 

NIPS membranes, so, their incorporation makes the pore structure more homogeneous 

by preventing the formation of the larger macro-pores located closer to the surface’s 

thin-film layer in pure PVDF-HFP NIPS membrane. 

 

Figure 5.8. SEM images of NIPS membranes. 
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Given the location-disposition of the MOF particles revealed by SEM, the 

accessibility of the water-solutions and heavy metals may be favoured in TIPS 

membranes. The interconnectivity of the pores in this type of membranes together 

with the disposition of the MOF particles in the surface of the macropores of the 

PVDF-HFP structure are factors within the structuration of the membrane that foresee 

to increase their efficiency for heavy metals capture from water. 

The template effect of the MOF fillers on the micrometre range structure of the 

PVDF-HFP matrix was further investigated by means of mercury porosimetry.  

Figure 5.9 shows the empty volume fraction per gram of material associated with each 

pore diameter. PVDF-HFP TIPS membranes accumulate most of the volume of their 

accessible-pores for those with a 1.5 µm pore diameter. In contrast with the main pore 

size observed in the SEM images (~ 10 µm of diameter), mercury porosimetry 

indicates that most of the surface area of the membrane lies within the pores with a 

smaller diameter of approximately one micron. A similar trend is found for the 

composites based on MIL-125 and MOF-808, with most of the accessible volume 

located at the cavities from 1 to 1.5 µm of pore diameter. In contrast,  

PVDF-HFP@UiO-66-NH2 shows a bimodal pore distribution with mean diameters of 

2.9 and 4.6 µm. 

On the other hand, PVDF-HFP NIPS membranes accumulate most of their free 

space volume within the pores with a 0.25 µm diameter. The inclusion of  

UiO-66-NH2 and MIL-125 MOFs does not alter this distribution. However, when 

MOF-808 is integrated within the PVDF-HFP matrix, a bimodal distribution, with 

mean pore diameters of 0.21 and 0.45 µm, is found for the composite membrane. 

It is important to note that although the most of the free-pore volume into the 

membranes is ascribed to the pore diameters described above, this does not preclude 

the existence of certain porosity related with macro and mesopores below and above 

the main value obtained from the mercury porosimetry measurements. 
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Figure 5.9. Cumulative pore volume dependence of the pore size for PVDF-HFP polymer 

membrane and composites with MOFs addition.  

 

In order to get a deeper insight into the internal morphology of the composites at 

the nanometric scale, SANS and SAXS measurements were conducted. The variations 

at the nanoscale of the structure of the PVDF-HFP membranes, and of the three 

PVDF-HFP@MOF composites (i.e. UiO-66-NH2, MIL-125 and MOF-808) processed 

via TIPS and NIPS were studied. 

Small angle scattering is widely applied to characterize all type of materials at the 

nanometre scale. Indeed, the typical interval of the conventional small angle scattering 

is 1-200 nm,[39] which gives access to a size-scale regime below the macro to 

micrometre ones observed by SEM or mercury porosimetry. In general, the SANS and 

SAXS data are plotted as the scattering intensity versus the scattering vector q. The q 

vector is inversely proportional to the size of the particles or the inhomogeneities, and 

thus, objects/inhomogeneities with different sizes from 1 to 200 nm give different 

scattering signals in various q regions. 

In general terms, three SANS and SAXS features have been observed for the 

PVDF-HFP and PVDF-HFP@MOF composites: (i) the scattering arising from the 

nanoinhomogeneities generated within the membranes due to the phases/domains 

structuration of the polymer itself (8-12 nm), (ii) the interparticle space created due to 

the MOF particles agglomeration within the polymer (30-20 nm) and (iii) the power 

low decay of the scattering data that is related to the mass or surface fractal structures 
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of the composites. All these heterogeneities reflected in the SAXS and SANS spectra 

can be fitted if the proper model is applied. 

At sufficiently small q-values (qRg < 1), the scattered intensity related with the 

inhomogeneities at the polymer or nanoparticles included within the polymer levels, 

can be described by the Guinier approximation (Equation 5.1).[40] 

𝐼(𝑞) = 𝐼(0)exp(
−(𝑞𝑅𝑔)2

3
)                                   (5.1) 

where I(0) is proportional to the concentration; square of the contrast in scattering 

length density between matrix and inhomogeneity; and square of the particles volume 

and Rg is the radius of gyration, related to the characteristic size of the scattering 

objects within a given matrix or media. That is, at low q-values, the inhomogeneities 

arising form the polymeric matrix and the MOF-MOF and MOF-polymer interphases 

will be detected. 

On the other hand, the power law decay of the SANS and SAXS data, associated 

to the fractal structuration of the systems, was fitted by the Equation 5.2. 

𝐼(𝑞) = 𝐵 · 𝑞−𝑃                                             (5.2) 

where B is the normalization constant and the value of the P exponent reflects the 

inner structure of the scattering units. In addition, P exponent characterizes the type 

of the mass or surface organization of the aggregates according to the following 

classification[41]: 

1 < P < 3; mass fractal with fractal dimension, Dm = P 

3 < P < 4; surface fractal with fractal dimension, Ds = 6 – P 

Just to give an easy viewing of the different possible-fractals that can arise from 

the P values described above, we have summarized them in the Figure 5.10. 

When our system shows only single polydisperse objects with no agglomeration 

(Figure 5.10a), there is no fractal organization, and the initial part of the curves can 

be fitted by Guinier approximation (Equation 5.1). When the system shows mass 

fractal aggregations (Figure 5.10b), it means that an agglomeration of 

inhomogeneities is happening, and the bigger the value of the P exponent is, the more 
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agglomeration (or more particles inside an aggregate) we have in the same volume. 

On the other hand, when the P value is above 3.0, a surface fractal organization of our 

composites is occurring. The surface fractals refer to the roughness of a surface or to 

the aggregation of the particles on the surface, as for example the MOF nanoparticles 

decorating the pore space of the PVDF-HFP (Figure 5.10c). In this case, the higher 

the P value, the smoother the surface of the inhomogeneity. 

 

Figure 5.10. Different inhomogeneity organizations that can be studied with small angle 

scattering. (a) Single polydisperse objects, (b) mass-fractal organization of the aggregates 

with corresponding P exponents and (c) surface-fractal organization with corresponding P 

exponents. 
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According to the information described above, three parameters can be extracted 

from the SAXS and SANS data of our membranes: (i) the value or the power law 

decay that is related with the nature of the fractal nano-structuration of the system, (ii) 

the size of the inhomogeneities or Rg within a given matrix observed at low q values, 

and finally, (iii) the diffraction signal coming from the crystal structure of the MOF 

particles included within the polymeric matrixes. 

Experimental SANS and SAXS curves for PVDF-HFP@MOF composites are 

presented in Figure 5.11. Scattering objects for all samples are highly polydisperse, 

as concluded from the smoothed nature of the SANS and SAXS data. This 

experimental signal is typical for polydisperse systems, since a highly symmetric 

system of monodisperse particles will give rise to the characteristic oscillations of the 

SANS and SAXS profiles.[40] In the specific case of PVDF-HFP@MOFs composites, 

scattering objects can arise from the MOF particles dispersed into the polymeric 

matrix, or due to heterogeneities in the polymer itself. 

 

Figure 5.11. SANS data for (a) TIPS and (b) NIPS membranes. SAXS data for (c) TIPS 

and (d) NIPS membranes 
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PVDF-HFP membranes processed by TIPS and NIPS show similar nanostructures, 

with surface fractals of about 3.8-3.9 obtained for both SANS and SAXS 

measurements. We have tentatively ascribed these fractal-structuration to the surface 

and internal organization of the PVDF-HFP around the pore structure of the 

membranes. The arrangement of the pore-space could be replicated in a fractal manner 

from the macro to the mesopores observed in the porosimetry measurements. That is, 

big pores with the PVDF-HFP matrix are interconnected by channels to mid-size 

pores, and mid-size pores interconnected at the same time with small-pores, giving 

rise to a surface fractal with an interconnected structure, as illustrated in the  

Figure 5.12. 

When MOF particles are introduced into the PVDF-HFP matrix, the nanometric 

differences observed between the membranes processed by the NIPS and TIPS 

methods increase. TIPS composites show different fractal structures depending on the 

MOF incorporated into the membrane. For instance, bare PVDF-HFP and PVDF-HFP 

containing UiO-66-NH2 show surface fractals of 3.9 and 3.7 respectively (Ds = 2.1 

and 2.3, respectively). Composites containing MIL-125 show also surface fractal, but 

with a value of 3.3 (Ds = 2.7), which is indicator of a higher roughness of the surface, 

probably due to the big size of MIL-125 particles. Finally, PVDF-HFP@MOF-808 

sample has the most complex of the fractal structures studied in the system. The SANS 

data shows a mass fractal of Dm = 2.8, which corresponds to quite dense 

agglomerations of significant size within the polymeric matrix. However, SAXS data 

of the same membrane reveals two different fractals: one corresponding to a mass 

fractal with Dm = 1.7, and other one corresponding to a surface fractal of P=3.5  

(Ds = 2.5). Overall, the SANS and SAXS data led us to think that we can find a 

branched and interconnected fractal structure formed from anisotropic elongated 

pores. The nanostructuration seems to be clearly related with the interconnected 

porosity of the membrane revealed by SEM and mercury porosimetry measurements. 

The decrease of the surface-fractal structuration of the PVDF-HFP@MOF-808 

composite can be easily understood by the decoration of the surface of the pore space 

in the PVDF-HFP with MOF-808 particles, which increases the roughness of the 

surface. In addition, the values of the mass fractals obtained from the SAXS and 
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SANS data fitting can be closely related with the entrapment of MOFs agglomerates 

into the PVDF-HFP pores.  

 

 

Figure 5.12. Schematic representation of the overall structuration of PVDF-HFP@MOF 

composites. (a-e) Schematic illustration of the of the fractal pore interconnected structure of 

the PVDF-HFP matrix, the MOF immobilization possibilities within the membrane, and (f) 

the mathematic description of the interparticle space between MOF particles, and at the 

polymer-MOF interphase. Bottom of the figure: SEM images of the different cases. 
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Altogether, it is clear that the surface fractals arising from the empty pore-space of 

the PVDF-HFP membrane are significantly modulated when MOF particles are 

included within the system. Therefore, this modulation gives rise to different P values 

when fitting the power-law decay of the SANS and SAXS data of the composites. In 

addition, if the MOF particles are agglomerated within the pores, or decorate the 

surface of the pores of the PVDF-HFP matrix, this induces the appearance of a 

SANS/SAXS signal decay associated to the mass fractal structuration of the PVDF 

around these objects within the membranes. 

Contrary to TIPS, NIPS composite membranes exhibit power laws with mass 

fractals of about 3.7, very similar to the bare PVDF-HFP membranes, and therefore 

the nanostructuration of the polymeric matrix is not almost affected by the inclusion 

of the MOF particles. Considering the information coming from the scanning electron 

microscopy, and the once obtained by SANS and SAXS, we have proposed the 

branched fractal structuration of the porosity in PVDF-HFP membranes shown in the 

Figure 5.12. It is important to consider that the pore-geometry, size, heterogeneity and 

anisotropy for each of the studied PVDF-HFP@MOF systems can modulate the 

branched fractal structuration both at the body and at the surface of the composites. 

When studying the nano-inhomogeneities of the systems, SANS data does not 

show inhomogeneities for bare polymeric membranes usually observed at higher q 

values. In contrast, SAXS data reveal slight inhomogeneities with Rg values of 2 and 

2.5 nm for TIPS and NIPS membranes, respectively. We have ascribed these 

inhomogeneities to the structuration of the PVDF-HFP per-fluorinated chains at the 

amorphous and crystalline domains of the different phases of the polymeric matrix. 

For instance, a size of 2 to 2.5 nm would correspond to a polymeric chain of 

approximately 20-22 carbons, which is much below the molecular weight of the 

polymer. 

When the MOFs are incorporated to the membrane, these inhomogeneties observed 

for the bare PVDF-HFP seem to disappear, with the exception of MIL-125 particles. 

It is difficult to directly relate this SANS signal with a specific feature of the polymeric 

chains’ structuration at the nanoscale, but given the size of the inhomogeneity,  

MOF-808 and UiO-66-NH2 could alter the crystalline and amorphous domain 

structuration of the PVDF-HFP. In fact, it is well known that the inclusion of 
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nanoobjects within PVDF-HFP can alter significantly its crystallization as one of its 

polymeric phases. 

What is more, additional inhomogeneities with a Rg value of 11 nm are found in 

both SANS and SAXS data for the TIPS samples containing MOF-808 and UiO-66-

NH2, but not for MIL-125. According to this value, these inhomogeneities could 

correspond to the interparticle space created by the MOF’s when they are 

agglomerated within the membrane, since the inhomogeneity is too small to be related 

with the MOF nanoparticles themselves. Indeed, in a perfect packing of MOF 

spherical particles, the diameter of the spheres enclosed within three particles in a 

triangular configuration, or within four particles in a tetrahedral disposition, can be 

calculated applying the equations summarized in the Figure 5.12e. Therefore, for 

MOF particles with diameters ranging from 50 to 200 nm, interparticle 

inhomogeneities ranging from 7.8 to 31 nm and 11 to 45 nm could be found enclosed 

within a triangle or a tetrahedron of MOF particles, respectively. It is important to 

note that these calculations have been performed considering a perfect sphere packing. 

As the packing of the MOF particles into the membrane is foreseen to deviate from 

the ideal, the size of the interparticle size could variate significantly from the ideal 

minimum (7 nm) and maximum (44 nm) values. Even though, the experimental 

evidences point in this direction, since this inhomogeneities with a Rg value close to 

11 nm are only appreciable in UiO-66-NH2 and MOF-808 based samples. In both 

cases, the diameter of the MOF particles is of 50 and 100-200 nm for UiO-66-NH2 

and MOF-808, respectively. Our hypothesis is further confirmed by the lack of this 

nanometer range inhomogeneity in MIL-125 based membranes. In fact, MIL-125 has 

a particle diameter of about 500 nm, a size that would give rise to an average 

interparticle pore space of 110 nm. This range of size is above the usual limits studied 

by SAXS. 

On the other hand, NIPS membranes barely show the inhomogeneities 

corresponding to the interparticle space that we could observe in TIPS membranes. In 

these samples, only the membrane containing UiO-66-NH2 shows a slight 

inhomogeneity in both SANS and SAXS data that corresponds to a size of about 12 

nm. These results, together with the information obtained from SEM images (Figures 
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5.7 and 5.8), point out that the interparticle space generated because of the 

agglomeration of MOF particles is significantly smaller in NIPS membranes, probably 

due to a smaller agglomeration of the particles in these membranes. 

Overall, the experimental data points towards a higher percentage of isolated MOF 

particles stabilized at the surface or at the inner body of the PVDF-HFP membrane. 

In the last case, the MOF would be inaccessible to act as adsorption points of the 

membrane. The observed P and Rg values are summarized in Table 5.2. 

Table 5.2. Obtained P and Rg values for the different composites. 

  P Rg 

T
IP

S
 

PVDF-HFP 3.9 2 nm (SAXS) 

PVDF-HFP@MIL125 3.3 2 nm (SAXS) 

PVDF-HFP@UiO-66-NH2 3.7 11 nm (SAXS and SANS) 

PVDF-HFP@MOF-808 2.8 // 1.7 and 3.5 11 nm (SAXS and SANS) 

N
IP

S
 

PVDF-HFP 3.85 2.5 nm (SAXS) 

PVDF-HFP@MIL125 3.7 2.5 (SAXS) 

PVDF-HFP@UiO-66-NH2 3.7 11 nm (SAXS) 

PVDF-HFP@MOF-808 3.7 - 

 

Additional SANS measurements were performed for samples wetted with 

deuterated methanol in order to increase the neutron scattering contrast between the 

interconnected porosity and the isolated nano-inhomogeneities of the  

PVDF-HFP@MOF systems (Figure 5.13). In NIPS membranes (Figure 5.13a-d), the 

power law related with the fractal-structure of the composites does not decrease when 

deuterated methanol is included within the pore space. However, there is a general 

decrease of the scattering signal due to the incorporation of the d-solvent in the pores 

of the polymeric matrix. PVDF-HFP@UiO-66-NH2 processed by NIPS (Figure 

5.13c) was the only membrane showing an inhomogeneity of about 11 nm, a signal 

that disappears when the membrane is wetted with deuterated methanol. Similar 
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happens in TIPS membranes, where composites including MOF-808 and UiO-66-NH2 

loss the signal corresponding to the interparticle space of the MOF agglomerates 

(Figure 5.13g-h). 

This variation is attributed to the decrease of the neutron scattering contrast 

between the MOF and the interparticle space when the deuterated solvent is placed in 

the interphase of the MOF particles. In fact, both MOF-808 and UiO-66-NH2 have a 

scattering length density (SLD) of about 2.7·1010 cm-2, and the SLD of the air is 0. As 

a consequence, the contrast between the two objects in an air-filled membrane is of 

2.7·1010 cm-2. However, when the composite is wetted with d-methanol, the SLD of 

the MOF with d-methanol in its pores increases to 3.32·1010 cm-2 (taking into account 

that the porosity of the MOF is 38% in volume fraction), while the SLD of the d-

methanol located at the MOF interparticle space is of 5.16·1010 cm-2. Overall, a 

contrast of 1.84·1010 cm-2 is obtained, a value almost two-fold smaller than the initial 

one for the as-synthesized composites. Therefore, this loss of contrast when the pore 

space of the membrane is filled with deuterated methanol, can explain the loss of the 

SANS signal associated to the heterogeneity ascribed to the MOF interparticle space. 

Finally, it is important to note that a new inhomogeneity appears in all TIPS 

membranes after their wetting with d-methanol, except in the composite containing 

MIL-125. This heterogeneity has an approximate size of 2-3 nm, and has being 

tentatively ascribed to an increase of the contrast due to the preferential uptake of  

d-methanol by some of the phases or amorphous/crystalline domains of the PVDF-

HFP matrix. Although this initial hypothesis needs further experimentation to be fully 

corroborated, some hypothesis points that several processes as ionic diffusion can be 

favored in the amorphous domains regions of the PVDF-HFP. In parallel, a 2-3 nm 

inhomogeneity cannot be ascribed to the MOF particles (their size > 50 nm), neither 

to their interparticle porosity or interphase with the polymer (> 11 nm), since after 

their filling with d-methanol, they should loss contrast instead of gaining it. 
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Figure 5.13. Small angle neutron scattering experiments.  
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Last but not least, we have focused on the NIPS PVDF-HFP@MOF-808 system to 

preliminary explore by SANS and SAXS: (i) if the MOF loading degree alters the 

nanostructure of the composites, (ii) if the functionalization of the MOF-808 with 

cysteine before and after its incorporation into the PVDF-HFP matrix can alter 

somehow the nanostructuration of the polymer and (iii) if the adsorption of CrVI 

generates new inhomogeneities into the composites. 

Regarding the MOF-loading degree parameter, it is interesting to note how the 

power law decay of the SANS signal is lowered with the inclusion of the MOF-808 

particles in the system from 3.9 in pure PVDF-HFP to 3.8 and 3.5 in composites with 

a 10 and 30 % of weight loadings (Figure 5.14a-b). In addition, the MOF-loading 

induces the disappearance of the 2.5 nm size inhomogeneity that has been ascribed to 

the phase or crystalline/amorphous domains of the PVDF-HFP matrix. This evidence 

is not surprising as there are many reports that have confirmed that the inclusion of 

fillers as MOF into PVDF-HFP matrix alters significantly its crystalline/amorphous 

ratio, as well as the crystallization of specific PVDF-HFP phases.[42–45] 

On the other hand, the functionalization process does not seem to have an effect on 

the nanostructuration of the PVDF-HFP matrix (Figure 5.14c-d). In fact, there are no 

significant changes on the SANS and SAXS data when the introduced MOF-808 

particles that have been functionalized with cysteine before their inclusion in the 

PVDF-HFP matrix. It seems that surface chemistry related with the cysteine 

decoration does not affect drastically the NIPS process. Moreover, the 

nanostructuration of the PVDF-HFP@MOF-808 system is neither altered if the MOF-

808 is functionalized after being inserted to the membrane.  

More interesting, the SANS remains unaltered after CrVI adsorption by the 

membranes, so the metal loading does not enhance the nanoinhomogeneities already 

present in the system or generate new ones (Figure 5.14e-f).  
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Figure 5.14. SANS and SAXS data for (a-b) PVDF-HFP@MOF-808 NIPS membranes 

with different MOF loadings, (c-d) PVDF-HFP@MOF-808 NIPS membranes before and 

after the functionalization process with Cysteine and (e-f) PVDF-HFP@MOF-808 NIPS 

membranes before and after the adsorption process with CrVI.  

 

 

 



Chapter 5 

 
302 

 

 

CrVI and HgII adsorption experiments 

Once the macro to nanometric structuration of the composites is better understood, 

metal adsorption experiments were performed in order to correlate the efficiency of 

the membranes with their structure (Figure 5.15). Two different case-studies were 

tackled. 

In a first one, the CrVI adsorption capacity of the membranes was evaluated in order 

to determine the accessibility of the MOF particles in the polymer (Figure 5.15a). That 

is, as PVDF-HFP lacks any capacity to adsorb hexavalent chromium, the overall 

capacity of the membranes to capture chromate anions will arise from the MOF 

particles that are not encapsulated within the polymeric matrix. Thus, first the capacity 

of powdered MOF samples to capture CrVI was determined in order to compare this 

value with the one obtained for the MOFs which are immobilized in the membrane. 

This way, if the MOF is completely accessible, a similar adsorption capacity should 

be obtained in both cases. On the other hand, if part of the MOF is occluded within 

the polymer, the reduction of the adsorption capacity will let us to quantify the 

encapsulation degree of the MOF, by comparing the adsorption capacity of the MOFs 

in the membrane with the value obtained for the powdered MOF. 

In a second approach, the HgII adsorption capacity of the membranes was evaluated 

before and after the in-situ post-synthetic cysteine functionalization of the MOF-808 

immobilized within the NIPS composites (Figure 5.15b). Moreover, the comparison 

between de adsorption capacities of PVDF-HFP@MOF-808@Cys samples has been 

done depending if the functionalization process of the MOF was done before (denoted 

as PVDF@MOF@PreCys in Figure 5.15b) or after the immobilization of the particles 

in the polymeric matrix (denoted as PVDF@MOF@Cys in Figure 5.15b). 

First, it is important to note that adsorption of pure PVDF-HFP membranes is near 

0 mg·g-1 for CrVI, so the polymeric matrix is inactive for adsorption purposes. From 

the studied MOFs, UiO-66-NH2 shows the higher CrVI adsorption capacity  

(23.88 mg·g-1) thanks to its linker-defective sites and the protonated amino groups, 

which act as adsorption points for CrO4
2- oxyanions. Indeed, as reported in Chapter 3, 

UiO-66-NH2 exhibits as well certain capacity to chemically reduce the CrVI to CrIII. 
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MOF-808 shows an adsorption capacity for CrVI of 11.3 mg·g-1. This adsorption 

capacity is ascribed to the replacement of the labile formate modulators linked to the 

zirconium clusters of its framework by the CrO4
2- oxyanions. Finally, MIL-125 shows 

the smaller adsorption capacity, of 5.73 mg·g-1, tentatively ascribed to weak hydrogen 

interactions between the MOF framework and the chromate anions.  

The MOFs immobilized into TIPS membranes show similar adsorption capacities 

over CrVI that the powdered samples. The comparison between the adsorption capacity 

of immobilized and non-immobilized materials indicates an accessibility of 80-100% 

of the MOF particles in the polymer. On the other hand, MOFs immobilized within 

NIPS membranes show only half of the capacity of the powdered samples. This 

adsorption values point out that only the 45-55% of the MOF immobilized within the 

membrane is accessible for CrVI. In perspective, the small porosity that the surface of 

the NIPS membrane shows, hinder the mobility of the chromate ions, but also isolate 

some of the MOF particles from the media. The encapsulation degree observed 

through adsorption is related with a nanostructuration of the membrane that lacks the 

inhomogeneities coming from the agglomeration of the MOF particles and MOF-

polymer interphase space. 

At this point, we decided to evaluate if an in-situ functionalization of the MOF-808 

immobilized within the membrane via the water based SALI protocols described in 

the Chapter 4 was possible. As it was described in the previous chapter, the 

incorporation of cysteine functions with –SH groups into the MOF-808 pore space 

shifts drastically its adsorption affinity to capture soft metal ions such as HgII. Because 

of this, MOF-808 into the PVDF-HFP NIPS membranes has been functionalized with 

cysteine in order to increase the affinity of the composite to capture HgII. The cysteine 

SALI encoding of MOF-808 particles has been performed as well for sake of 

comparison. 

We have selected PVDF-HFP@MOF-808 NIPS membrane for this study because 

it shows a higher degree of encapsulation of the MOF-808 particles in comparison to 

its TIPS homologue. So, it will enable evaluating if there is any unblocking of the 

MOFs encapsulated within the membrane during the in-situ cysteine functionalization 

of system, or if the MOF-encapsulation is reduced if the particles have been 



Chapter 5 

 
304 

 

 

functionalized with cysteine before their incorporation to the membrane. In addition, 

it is important to remember that NIPS membranes are much quicker and 

environmentally friendly to produce than TIPS homologues, as they only need 30 

minutes to eliminate the DMF from the structure, and they can be dried without special 

extraction systems. Thus, a method to improve their affinity towards cationic heavy 

metals capture would be highly interesting both from the fundamental and application 

perspectives. 

First, as revealed by 1H-NMR, the SALI process in MOF-808 nanomaterial give 

rise to an average functionalization of 1.7 cysteine molecules per zirconium cluster, 

whilst 0.9 cysteine molecules per cluster are incorporated into the MOF-808 

immobilized within the membrane after the SALI. That is, only the 53 % of the  

MOF-808 particles within the membrane are accessible to the SALI process, a value 

that is similar to the 60 % accessibility obtained from the CrVI adsorption experiments. 

Therefore, as expected, SALI process does not de-block the access to the MOF 

particles encapsulated within the polymer. 

Regarding the HgII adsorption performance (Figure 5.15b), first, an adsorption 

study of the powdered MOF-808 and MOF-808@Cys samples was performed to 

determine their capacity in the applied experimental conditions. MOF-808 shows an 

acceptable adsorption towards HgII (11.3 mg·g-1). When the MOFs are functionalized 

with cysteine, the adsorption capacity is multiplied by four, reaching a value of 42.4 

mg·g-1.  

Regarding the polymeric composites, NIPS PVDF-HPF membrane shows 

negligible adsorption capacity towards HgII. When non-functionalized MOF-808 is 

introduced in the membrane, PVDF-HFP@MOF-808 NIPS membrane rises its 

capacity up to 7 mg·gMOF
-1. According to the HgII adsorption capacity of the bare 

MOF, this means an accessibility of a 62% to the MOF integrated within the 

membrane. Similarly, the adsorption capacities over HgII of the composites 

functionalized with cysteine directly in the NIPS membrane, point out towards a 70% 

accessibility degree of the MOF in the 10 % loaded membrane. This accessibility 

decays to the 43 % for the 30 % wt. MOF-808 loaded membrane that has been 

functionalized within cysteine molecules. Thus, increasing the MOF loading, 
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increases as well the encapsulation degree of the MOF particles into the system. This 

issue is not solved if MOF-808 is pre-functionalized before its inclusion into the 

PVDF-HFP (denoted as PVDF@MOF@PreCys in Figure 5.15b), since both 10 % and 

30 % wt. loaded PVDF-HFP membranes show accessibilities close to 35%, much 

lower than the ones reported for the in-situ modified composites. 

 

Figure 5.15. (a) CrVI adsorption experiments for TIPS and NIPS membranes and (b) HgII 

adsorption experiments NIPS membranes with and without Cysteine functionalization. 

 

5.1.3. CONCLUSIONS 

The combined and complementary experimental characterization protocols that have 

been applied into this study have allowed to understand the structuration of the  

PVDF-HFP@MOF membranes processed by TIPS and NIPS from macro to 

nanometric point of views. 

It is clear that the main structure of the composite is governed by the TIPS and NIPS 

phase separation, but the inclusion of the MOF particles in the process disturbs it until 

different extent, and hence, provokes a significant differentiation of the  

PVDF-HFP@MOF composites in comparison to the parent PVDF-HFP NIPS and 

TIPS membranes.  
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MOF particles induces significant changes on surface and inner the macrometric 

structure of the membranes, as concluded by the scanning electron microscopy 

micrographs. In parallel, they have as well some modulation effect to shape the 

microscale pores that are responsible of the main empty pore volume of the system, 

as revealed by the mercury porosimetry data. Overall, the surface and mass fractal 

pore structure of the PVDF-HFP is as well altered when MOFs are included within 

the system. Indeed, SANS and SAXS exhibits additional features related to the MOF 

particles organization into the polymeric system. 

Overall, the macro to nanometric characterization of the composites has allowed to 

unravel specific features of this complex systems not reported before. As a small 

drawback, the combination of the experimental techniques applied in this study does 

not give access to quantify to which extent the MOF particles included within the 

system are active for adsorption. To this end, comparative CrVI adsorption 

experiments have allowed estimating that the accessibility degree of the MOF 

particles installed into TIPS membranes is higher than the one observed for NIPS 

homologues. Even within the same kind of membranes, the nature of the MOF 

modulates as well the encapsulation degree of the particles in the polymeric system. 

For instance, the encapsulation-degree governs as well these MOF fraction that is 

accessible to be in-situ modified by SALI once immobilized in the membrane. 

It is important to note that, as far as we know, this is the first time that a SALI direct 

functionalization of a polymeric-MOF composite system has been performed, and that 

this strategy has been fully effective to modulate the adsorption affinity of the system 

towards cationic soft species as HgII. In-situ modification of polymer-MOF systems 

opens the perspective to improve the processing of the composites until the proper 

accessibility, porosity, permeability and MOF-loading features are achieved, and later 

on, modify the inner chemistry of the system to tailor-adapt it to the capture or 

separation of specific metal ions. 
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5.2. CHITIN@METAL-ORGANIC FRAMEWORK COMPOSITES AS WIDE-RANGE 

ADSORBENTS 

Any pollution input within the natural water cycle impacts on the base of the 

trophic chain in the short term, reaching in the long term to affect all its scales. The 

challenge of the current water remediation lies in the pollution heterogeneity, since in 

addition to heavy metal cations or oxyanions derived from natural geologic 

environments, human activities incorporate uncountable types of inorganic and 

organic long-term persistent chemicals to the water cycle. Today, highly persistent 

pollutants such as antibiotics, endocrine disruptors, heavy metals, particles, organic 

dyes, and pesticides can be found in wastewater streams. [46–48] The wide range of 

chemical characteristics of these pollutants make cleaning such a complex aqueous 

matrix an enormous challenge beyond the capabilities of a single technology or 

material. The development of efficient and broadly applicable water remediation 

technologies is an urgent need and must consider the fundamental properties of these 

hazardous molecules, such as their size, shape, charge, and potential binding groups. 

Heavy metals, for example, are found as aquo-oxo-metal species up to 4.5 Å in 

dynamic diameter. These inorganic species can be positive, negative or neutral, and 

they show degrees of acidity that depend on their charge density (Z/r2). The size, 

charge and chemical variety of organic pollutants is even higher. They range from 

small, angstrom-scale molecules (e.g., drugs, endocrine disruptors or organic dyes), 

to nano (e.g., nanoparticles) and even micron-scale pollutants (e.g., enzymes, 

hormones, proteins or microplastics). Therefore, multi-use water remediation 

technology must be able to remove a large variety and size-range of pollutants, from 

small ions to large macromolecules, with any number of different chemical 

functionalities or charged binding groups.[49–51] 

Of the current wastewater treatment technologies, adsorption has emerged as a 

green, efficient, selective and reusable option.[52] Many types of different sorbents 

have been developed and tested to recover single specific pollutants. Nevertheless, 

this “one adsorbent/one pollutant” strategy does not address the challenge of cleaning 

real water samples that often contain multiple types of hazardous chemicals. 
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To achieve broad-scope sorption of sizes from angstroms to microns the sorbent 

materials should comply with at least two requirements. First, it is necessary to 

synergistically combine porous materials having micro-, meso- and macropores. 

Second, functionalization of the porous scaffold is needed, as this enables to introduce 

key-lock mechanisms to trap neutral, anionic and cationic compounds.[53] 

Encompassing these characteristics in one type of sorbent is not easy, since well-

ordered microporous materials lack the capacity to adsorb large size molecules; whilst 

macro and mesoporous polymers usually fail to retain selectively small metal 

ions.[54,55] 

Therefore, the development of hybrid materials has the potential to be one of the 

most flexible approaches to create porous materials that can retain molecules across 

the micro to the macroscale. After considering the many possible combinations of 

meso/macroporous polymers and microporous sorbents, Chitin (CH) [56–59] and Metal-

Organic Frameworks[60–68] (MOFs) have been selected to develop a functional 

composite with multiple porosities and chemical functionalities[69,70] (Figure 5.16) 

Chitin (CH) is the second most abundant natural polymer, formed by polymeric 

chains of N-acetylglucosamine units. The presence of acetamido and hydroxyl groups 

at the CH’s molecular chains makes this natural polymer highly effective in 

interacting with organic pollutants.[71,72] In addition, CH is easy handled and processed 

as macro/mesoporous gels,[73–76] which enables their use as sorbents for 

macromolecules (e.g. enzymes and proteins).[77–80] Nevertheless, CH usually lacks of 

adsorption affinity for cationic and anionic inorganic species at the microporous 

scale.[81] 

To overcome this problem, Zr-based MOF-808 particles have been included as 

fillers within the CH matrix.[27,82] MOF-808 has been specifically selected because in 

addition to its water and acid resistance, it exhibits a wide pore window and high 

surface area (~2000 to 1000 m2·g-1) that facilitates the pollutant migration into the 

structure, together with a six linker defect positions at the inorganic hexa-nuclear 

clusters that welcome negatively charged inorganic oxyanions and molecules. These 

structural features make MOF-808 particles highly efficient to retain negatively 

charged arsenate, chromate or selenite species, a function that the CH matrix  

https://en.wikipedia.org/wiki/N-Acetylglucosamine
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lacks.[83–85] In the following, the potential of CH@MOF-808 based composites as 

broad scope adsorbents will be exhaustively demonstrated. 

 

Figure 5.16. Representative examples of organic and inorganic components that can be 

found in a wastewater stream as well as their possible adsorption by the developed 

CH@MOF-808 composites at the micro, meso and macropores. 

 

5.2.1. EXPERIMENTAL PROCEDURE 

Synthesis of MOF-808  

MOF-808 particles were synthesized using a slightly modified version of the 

protocol described by Jiang et al.[27] ZrCl4 (0.1234 g, 0.5295 mmol), 1,3,5-

benzenetricarboxylic acid (H3BTC, 0.1237 g, 0.5887 mmol), formic acid (12 mL), 

water (0.5 mL) and N,N-dimethylformamide (DMF, 12 mL) were mixed, stirred at 

room temperature, sealed in a 25 mL glass autoclave (Schott, Duran®) and then 

placed in an oven at 120 °C for 48 h. After the reaction, the vessel was cooled naturally 
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to room temperature in the oven. The white precipitate was centrifuged and washed 

with methanol three times. Subsequently, the obtained precipitate was dried at 80 °C 

for one day. 

 

Synthesis of CH and CH@MOF-808 composites 

Chitin gels were synthesized according to the protocol described by González et 

al.[86] Firstly, calcium solvent was prepared suspending CaCl2 2H2O (42.5 g, 0.288 

mol) in 50 mL of methanol and refluxed for 30 min at 92 °C to a state of near-

dissolution. Then, 1 g of CH was refluxed in the calcium solvent for 2 h at 92 °C under 

constant stirring. For the preparation of the composites, 50, 100 or 150 mg of  

MOF-808 were added to the above solution at this point. The process is illustrated in 

Figure 5.17. The mixtures were stirred in methanol until they gelled. Finally, the gel 

composites were washed three times with methanol overnight. The gel of chitin will 

be denoted as CH and the obtained composites as CH5, CH10, and CH15, 

respectively. 

 

Figure 5.17. Schematic illustration of the fabrication of CH@MOF-808 composites. 

 

Punctual pollutant adsorption tests 

Adsorption experiments with CH, MOF-808, and CH@MOF-808 were conducted 

at 20 °C, using 10 mg adsorbent dispersed in 1·mL pollutant model 

solutions/dispersions contained in a conical flask. The flasks were agitated in vibrator 

shaker at 180 rpm during 12 h until adsorption equilibrium was reached. After that, 

the suspension was centrifuged at 6000 rpm for 10 min, filtrated with a hydrophilic 

0.22 μm filter, and finally analysed by means of UV-Vis or ICP-AES depending on 
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the analyte. Erythrosine (ERY, λmax = 491 nm), Methyl Orange (MO, λmax = 465 nm), 

Methylene Blue (MB, λmax = 610 nm), Gold nanoparticles (Au(0), λmax = 400 nm) 

Lysozyme (LYS, λmax = 280 nm), and Polymyxin B antibiotic (POL-B, λmax = 280 nm) 

concentrations were analysed by UV-Vis spectroscopy. ICP-AES was used to 

determine the concentration of AsV and CrVI. 

 

Synthesis of gold nanoparticles 

13.8 nm diameter gold nanoparticles (Au(0)) were synthesized by standard citrate 

reduction method. Briefly, 5 mL of 1 wt % sodium citrate aqueous solution was added 

under continuous stirring to a boiling aqueous solution of HAuCl4 (100 mL, 0.5 mM) 

and allowed to react. After 15 min, the solution was cooled down to room temperature 

and then stored at 4 °C for long-term storage. 

 

Adsorption kinetic curves 

For AsV and some of the organic dyes, the full kinetic and curves were determined 

by separating the adsorbent and adsorbate solutions at different equilibrium times. To 

this end, a 1 mL solution of 1 ppm AsV and 100 ppm organic dyes was added to 

Eppendorf tubes. Afterwards, 10 mg CH15 was added to the solutions. The Eppendorf 

tube was shaken at room temperature and filtrated at given times of the adsorption 

process. Measurements were performed in triplicate. 

 

Adsorption isotherm curves 

The same experimental protocol was used to determine the adsorption isotherms, 

but using the same equilibrium time (4 h) and different concentrations of the pollutants 

in the initial solutions. The adsorbent concentration and volume of the initial solutions 

were kept as previously described. 
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5.2.2. RESULTS AND DISCUSSION 

Synthesis and characterization of materials 

CH and CH@MOF materials were synthetized as described previously. Three 

CH@MOF-808 samples were obtained varying the MOF-808 weight content from 

5% (CH5), 10% (CH10) to 15% (CH15). XRD analyses of the MOF-808 

nanoparticles confirm the correlation between the experimental and calculated 

patterns obtained from the structural model of MOF-808 (Figure5.18).[87,88] 

 

 

Figure 5.18. (a) Pattern matching analysis of MOF-808. (b) XRD patterns of CH, CH5, 

CH10 and CH15.  

 

As shown in the TEM images (Figure 5.19a-b), the presence of water in the 

synthesis media reduces the MOF-808 particle size from the micron to the nanoscale 

(20 ± 4 nm in diameter). No morphological or particle size changes of MOF-808 

nanoparticles are produced due to their incorporation into the chitin matrix (Figure 

5.19c-d). 
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Figure 5.19. TEM micrographs of (a) micrometric MOF-808 particles, (b) MOF-808 

nanoparticles, (c) CH and (d) CH15. 

 

The morphology and structure of CH@MOF-808 composites were also studied by 

SEM (Figure 5.20). CH shows a macro porous structure with average pore diameters 

of 18 ± 2 µm (Figure 5.20a). The first consequence of the incorporation of MOF808 

nanoparticles is the CH pores compartmentalization to 7 ± 2 µm in CH5 (Figure 

5.20b), 2.3 ± 1.3 µm and 640 ± 160 nm for CH10 (Figure 5.20c) and 1.6 ± 0.7 µm and 

450 ± 140 nm for CH15 (Figure 5.20d). Compositional mapping of carbon, oxygen 

and zirconium content in CH@MOF-808 composites (Figure 5.20e-h) indicates a 

uniform MOF-808 distribution within the CH structure. 
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Figure 5.20. SEM micrographs of the samples: (a) CH; (b) CH5; (c) CH10; (d) CH15. € 

SEM-EDS mapping zone of CH15 sample for C, O and Zr (f, g and h, respectively). 

 

Mercury porosimetry (Figure 5.21a-b) and room temperature CO2 adsorption 

(Figure 5.21c-d) measurements were carried out in order to study the porosity of 

CH@MOF-808 samples from the macro to the micro-porous regimes.[89,90] The 

macro-pores compartmentalization directed by the template effect of MOF-808 
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nanoparticles increases the total porosity (%) and surface area (m2 ·g−1) of the samples 

from 49.8 % and 34 m2 ·g−1 in CH, to 72.9 % and 275 m2 ·g−1 in CH15 (Table 5.3).[91] 

 

Table 5.3. Total porosity and surface area values.  

Sample 

Total  

macro- meso- porosity 

(%) 

Exp. BET  

macro- meso-porosity 

(m2·g-1)  

Exp. BET  

microporosity 

(m2·g-1) 

MOF-808 --- 475 1416,78 

CH 49.8 34.5 15,94 

CH5 62.1 151.3 167,39 

CH10 63.0 222.0 307,01 

CH15 72.9 275.3 317,61 

 

In order to gain further insights into the interaction between the polymeric CH 

matrix and the MOF nanoparticles, the CH@MOF-808 composites were studied by 

Raman spectroscopy (Figure 5.21e). In MOF-808, the characteristic bands are 

ascribed to the vibrational modes of inorganic Zr-O bonds (644 cm-1). C−H out-of-

plane bending of ring, symmetric stretch (C=C), benzene ring, symmetric stretching 

(COO) and asymmetric stretch (COO) of trimesate organic linkers have been also 

identified at 808, 1008, 1370 and 1473 cm-1, respectively. Spectra for CH@MOF-808 

composites reveal predominantly the adsorption bands related to the vibrational 

modes of the CH matrix. Specifically, Amide I (1630 and 1660 cm-1), Amide III 

(1200-1350 cm-1), C–O–C and C–O stretching vibration region (1200–950 cm-1), and 

β-glycosidic bonds (890 cm-1) have been identified as the main Raman fingerprints of 

CH. The intensity of the 1008 cm-1 adsorption band in CH@MOF-808 composites is 

correlated to the degree of MOF-808 loading. No meaningful wavenumber 

displacements or new vibration modes were observed in the Raman signals of the 

separate components that form the composites, suggesting that the blending of  

MOF-808 and CH is not based on strong chemical interactions. 

The DSC-TGA thermograms of pure CH and CH@MOF-808 composites are 

illustrated in Figure 5.21f and g. The TGA curves of CH@MOF-808 show the first 
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weight loss at low temperatures (RT-100 ºC); associated with the release of adsorbed 

water molecules. After dehydration, the TGA and DSC curves show a decrease in the 

temperature of the CH exothermic transition from 250 (CH) to 220 ºC (CH15). This 

effect is attributed to a reduction of the interactions between carbon chains (i.e. 

increase of the disorder degree) rather than to new chemical interactions with MOF-

808 nanoparticles.[92] At higher temperatures, the CH exothermic deacetylation 

process starts around 320 °C, which is not altered by the presence of the MOF-808 

nanoparticles. 

The dielectric relaxation spectra for all CH@MOF-808 composites show a loss 

factor (tan δ) peak between 250-350 kHz (Figure 5.21h). The tan δ peak shifts to lower 

frequencies upon the addition of MOF-808, indicating a slowing-down of the 

relaxation dynamics of CH chains. The embedding of MOF-808 within the CH matrix 

can induce both a (i) disorder in the CH polymeric chains and (ii) CH chain - MOF-

808 electrostatic interactions, both leading to a decrease the polymer relaxation 

dynamics.[93] 
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Figure 5.21. (a) Cumulative porosity variation determined by mercury porosimetry, (b) 

Cumulative surface area determined by mercury porosimetry (c) and (d) CO2 adsorption 

isotherms, (e) Raman spectra, (f) DSC (g) TGA and (h) dielectric relaxation spectra of CH, 

MOF-808 and composite CH5, CH10 and CH15 samples 
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Pollutant adsorption tests 

Initial adsorption screening tests have been performed with CH, MOF-808 and 

CH@MOF-808 composites over cationic, anionic and neutral pollutants with sizes 

ranging from nanometre to the angstrom scales. To this end, CH@MOF-808 

adsorption efficiency over aqueous solutions of lysozyme (LYS, 5000 ppm), gold 

nanoparticles (AuNP, 50 ppm), polymyxin B (POL-B, 50 ppm), erythrosine (ERY, 50 

ppm), methylene blue (MB, 50 ppm), methyl orange (MO, 50 ppm), hexavalent 

chromium (CrVI, 50 ppm) and pentavalent arsenic (AsV, 40 ppm) has been quantified. 

Figure 5.22a shows the adsorption efficiency in % adsorption of CH@MOF-808 

composites, CH and MOF-808 materials. In order to uncover whether the assembly 

of CH@MOF-808 composites synergistically combines the individual MOF-808 and 

CH components, the experimental adsorption efficiency values for CH5, CH10 and 

CH15 have been compared with those calculated in the plots of Figure 5.22b, c and d, 

respectively. 

The calculated adsorption efficiencies have been obtained from the sum of the 

weight average adsorption capacities of the MOF-808 and CH in CH5, CH10 and 

CH15 composites. The difference in adsorption % between the calculated and 

experimental values of CH@MOF-808 composites is defined by the Equation 5.3. 

𝛥𝑆𝐸 = (SECH@MOF−808) −((SEMOF−808)WP + (SECH)(100 −WP)    (5.3) 

where ΔSE is the difference in adsorption capacity (%), WP is the weight percentage 

of MOF-808 on CH@MOF-808 samples, (SECH@MOF−808) and (SECH) are the 

experimental sorption capacities of separate MOF-808 and CH components.  
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Figure 5.22. (a) Removal efficiency of CH, CH5, CH10 and CH15 over different 

pollutants. Comparison between experimental (light columns) and calculated (dark 

columns) adsorption efficiencies for (b) CH5, (c) CH10 and (d) CH15 CH@MOF-808 

composites. 

 

The discussion of the results derived from the adsorption tests will be performed 

in the following order: metal oxyanions, organic dyes, large molecules, and 

nanoparticles.  

Regarding their chemical properties, inorganic cations and oxyanions are the 

smallest pollutant species, and their adsorption is highly dependent on the presence of 

attractive charged groups in the adsorbent structure.[94–96] As demonstrated by 

previous researches,[27,84,88] MOF-808 shows an AsV removal capacity of near 99 % 

for AsV 40 ppm solution (Figure 5.22a), while CH exhibits a much lower performance 

(20 %). CH@MOF-808 composites show intermediate efficiencies, highly dependent 

on the MOF-808 content. When comparing experimental and calculated adsorption 

efficiencies, CH@MOF-808 composites outperform the averaged sum of the 

capacities of CH and MOF-808 components (Figure 5.22b-d). 
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The immobilization of hexavalent chromium anions in MOF-808,[97,98] CH@MOF-

808 composites, and CH matrixes is governed by two factors: (i) adsorption at the 

CH@MOF-808 structure,[26,99,100] and (ii) reduction from CrVI to CrIII due to the 

electron donor groups of CH matrix[101,102]. MOF-808 nanoparticles have a near 100% 

capacity for the removal of CrVI species from water; whilst CH and CH@MOF-808 

show just a 40% removal. Contrary to the expected tendency, the CH@MOF-808 

composites do not show an increase of the chromate anions removal in comparison to 

CH matrix. In order to gain further insights chromium speciation after operation was 

studied by means of EPR spectroscopy. As revealed by EPR, MOF-808 immobilizes 

chromium mainly as hexavalent chromate; and also, as highly reactive and hazardous 

pentavalent chromium (Figure 5.23a,b). Although CH is less efficient in adsorbing 

CrVI, it is highly effective in immobilizing it as trivalent chromium (Figure 5.23c,d). 

Similar CrVI to CrIII reduction capacity is found for CH@MOF-808 composites. It 

seems that the CrVI to CrIII reduction in CH composites is the process that governs the 

final chromate removal capacity of the system, prevailing over, or even blocking, the 

CrVI adsorption process on the MOF-808 nanoparticles. Even though CH and 

CH@MOF-808 composites are less efficient than MOF-808, and lower than the 

expected average sum of their capacities (Figure 5.22b–d), they immobilize the 

chromium in its less toxic, reactive, and mobile trivalent ion form.  
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Figure 5.23. (a) EPR spectra of MOF-808 before and after the CrVI adsorption. (b) 

Comparison between EPR spectra of CH and CH after CrVI adsorption. Broad signal at 

3600 Gauss is assigned to Cr(III) ions. (c) EPR spectra of MOF-808, CH and CH@MOF-

808 composites. (d) Detail of the Cr(V) signal intensity. 

 

Further, the possibility of removing larger organic molecules was also evaluated 

for CH@MOF-808 composites. Several organic dyes were first selected with shapes 

and average dimensions suitable matching MOF’s pores;[103] but also having charged 

groups prone to interact with the CH and CH@MOF-808 surface (Figure 5.16).[104] A 

screening of the CH@MOF-808 adsorption over cationic MB, anionic ERY, and MO 

dye molecules was carried out (Figure 5.22). For MO, CH shows higher adsorption 

capacity (100 %) than MOF-808 (50%), and the performance of the CH@MOF-808 

composites simply averaged the performances of the individual materials. (Figure 

5.22b-d). Surprisingly, the results obtained for cationic and anionic MB and ERY 

indicate that CH@MOF-808 composites adsorb them more efficiently than the 

corresponding MOF-808 or CH components (Figure 5.22b-d). Two factors could 
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explain this synergetic effect that leads to enhances adsorption of CH@MOF-808 

composites: (i) the increase of the active total porosity due to the 

compartmentalization of the CH’s macro-pores into mesopores (i.e., the increase of 

available surface area) and (ii) the role of the CH@MOF-808 interface. 

In addition, the behaviour of CH@MOF-808 was investigated with respect to the 

adsorption of larger molecules able to enter the meso and macroporous structure of 

CH, but not into the pore system of the MOF-808 nanoparticles. It is worth noting that 

even if the pore window of the MOF-808 nanoparticles impedes the access of bulky 

macromolecules within its structure, their outer surface also represents an important 

adsorption region, since under-coordinated inorganic clusters and organic linkers can 

act also as interacting points for adsorbates. This is in fact observed for the absorption 

of POL-B.[105] Nearly 60% of POL-B molecules are retained at the surface of MOF-

808 nanoparticles; a capacity slightly higher than the one observed for the CH macro-

porous matrix (58%) (Figure 5.22a). Again, CH@MOF-808 composites outperform 

the adsorption capacity of the separate CH and MOF-808 components. This behaviour 

further confirms the relevance of the compartmentalization and interface chemistry of 

CH@MOF-808 porous structure on its adsorption capacity (Figure 5.22b-d). It is 

worth noting that POL-B is a natural antibiotic agent used in this work as a model 

pollutant, since its chemical structure and molecular size resembles the ones of 

medium molecular size pollutants found in current wastewater, such as hormones or 

antibiotics.[106,107] 

Due to the meso- and macro-porous structure of CH and CH@MOF-808 

composites, they are also able to retain larger adsorbates, such as lysozyme[108,109] 

protein (30 x 50 Å) or gold nanoparticles with 13.6 ± 1.4 nm average diameters. The 

estimation of an adsorbent system to retain large proteins is also interesting, since 

despite proteins are not a pollutants per se, they are involved in the selectively 

recognition of endocrine disruptor hormones, a property that could lead to future 

development of CH@MOF-protein system able to retain them.  

MOF-808 is not generally useful in LYS or AuNPs capture, the adsorption capacity 

for both adsorbates being negligible. In these two cases, the CH macro- and meso-

porous structure is the active component, retaining a 50 and 70% of gold and LYS, 
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respectively (Figure 5.22a). For LYS, CH@MOF sorbents show efficiencies slightly 

lower than CH (Figure 5.22a), which can be understood as the average sum of CH and 

MOF-808 (Figure 5.22b-d). In the case of AuNPs, CH@MOF-808 composites 

underperform in comparison to their components (Figure 5.22b-d). For these two case 

studies, the compartmentalization of the CH’s macro-pores into mesopores impede 

the migration of LYS and AuNPs through the structure of the CH@MOF-808 matrix, 

reducing the area accessible to the adsorbate. Therefore, compartmentalization of CH 

macro-pore structure is beneficial to certain limit in terms of pollutant molecular size. 

Despite this limitation, it has been duly proved that the synergistic combination of CH 

and MOF-808 give access to the adsorption of a wide variety of pollutants from the 

angstrom to nanoregimes. 

CH15 composite performance was fully studied for the specific case of pentavalent 

arsenic oxyanion. It is important to note that arsenic natural pollution is a worldwide 

issue affecting large geographical areas of many countries (e.g. USA, India, Chile, 

Argentina, Europe…). AsV adsorption was studied at a 1 ppm initial concentration, 

which is a level of arsenate contamination common in many river basins worldwide, 

in particular in those ones crossing bedrocks containing arsenic-rich minerals. Full 

kinetic and isotherm adsorption of AsV for the CH15 composite are shown in the 

Figure 5.24. The adsorption capacity of the CH15 matrix at 1 ppm arsenic 

concentration is 33%, far from the 82% value obtained when using a 40 ppm AsV 

concentration (Figure 5.24a). Nevertheless, at this low concentration, the inclusion of 

MOF-808 fillers continue to enhance the CH matrix with the affinity for negative 

species that the CH polymer solely lacks. 

The CH15 adsorption kinetic profile for AsV (Figure 5.24b) is similar to that 

previously reported for zirconium-based MOFs, with most of the adsorption occurring 

at the first stage of the experiment.[110] The Elovicth model (Equation 2.4 in Chapter 

2), used to fit the experimental data (orange line of Figure 5.24b), indicates that the 

arsenate is chemisorbed into CH15. This observation is in agreement with previously 

reported adsorption mechanisms on Zr-MOFs over oxyanions, since it has been 

experimentally proven that oxyanions uptake occurs through direct coordination of 

arsenate to the zirconium hexa-nuclear clusters.[111] 
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Figure 5.24. (a) Adsorption capacities over AsV at 40 and 100 ppm for CH and CH15. (b) 

Adsorption kinetics of AsV at 1 ppm for CH15 composite. (c) Adsorption isotherm over AsV 

for CH15 (red line: fitting obtained with a Langmuir model, green line: fitting obtained with 

a Freundlich model). (d) Adsorption capacity over AsV (C0=40 ppm) of CH15 in the 

presence of competitor anions at 40 and 400 ppm. The first red colored bar of the Fig d is 

the adsorption capacity of CH15 over AsV (C0 = 40 ppm). This data has been depicted as a 

reference. All the adsorption studies were performed with the addition of 10 mg of CH and 

CH@MOF composites to 10 mL of arsenic solution 

 

Figure 5.24c shows the adsorption isotherms for CH15 over arsenate. The data can 

be fitted with the Freundlich and Langmuir models resulting in slightly better 

agreement factors for Freunlich model, (Freunlich, R = 0.991; Langmuir, R = 0.958). 

The values of the qmax and k constants (related to the adsorption capacity of the CH15) 

calculated from the fittings are of 10.6 ± 1.7 mg·g-1 and 2.2 ± 0.2 mg·L-1 

respectively.[112] More interesting is that the n Freundlich parameter value of 0.39(2) 

further confirms that a chemisorption mechanism is responsible for arsenate retention 

within the CH15 composite, overriding the inter-particle interaction effects among the 

arsenate oxyanions and the CH matrix. 
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The adsorption capacity of CH15 over AsV (C0 = 40 ppm) was also tested in the 

presence of 40 and 400 ppm sulphate, nitrate and chloride anions (Figure 5.24d). The 

competition of these anions for the adsorption sites does not strongly affect the 

performance of CH15. Indeed, the observed deviation is correlated with slight 

differences of the AsV initial concentration found for the solions containing different 

competitor species. In the worst-case scenario, a slight reduction of the retention 

capacity is observed in the presence of 400 ppm of Cl- and NO3
- species 

In the specific case of organic dyes, CH15 adsorption kinetics for larger molecules 

is faster than those reported for arsenate oxyanions (Figure 5.25). Indeed, the system 

reaches equilibrium in 60 min for MB and MO and in 100 min for ERY. The charge 

of the organic dyes is a key factor in an electrostatic interaction driven adsorption 

process. In comparison to AsV, here the CH plays also a very active role during 

adsorption, since it is able to retain the same quantity of target dye as MOF-808 

(Figure 5.22a). 

 

Figure 5.25. Experimental kinetic adsorption profiles for methylene blue (MB), methyl 

orange (MO) and erythrosine (ERY) dyes 
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5.2.3. CONCLUSIONS 

MOF-808 nanoparticles incorporation into chitin gel polymeric matrix develop 

micro-, meso- and macro-porous composites that can be used as broad scope 

adsorbents. This is possible because MOF-808 nanoparticles compartmentalize into 

the macroporous structure of CH polymeric matrix, endowing the composite with the 

inherent micro-porosity of the MOF-808 material itself, and additionally increasing 

the surface area available for absorption. 

Due to their micro, meso and macroporous structure, the CH@MOF-808 

composites are able to work efficiently for the adsorption of a large variety of 

pollutants ranging from small ions and molecules to large proteins or nanoparticles. 

CH@MOF-808 composites exhibit the chemical affinity of their  

separate components; but in some cases (e.g. AsV, methylene blue, erythrosine and 

Polymyxin B), the material benefits from the synergistic interactions of its 

components, outperforming both MOF-808 and CH efficiency. This synergetic effect 

is attributed to (i) the compartmentalization of the CH macro-pores when including 

MOF-808 nanoparticles within its structure, and (ii) the active role of the interface 

between MOF-808 and CH during adsorption. CH@MOF-808 composites are also 

able to work efficiently in terms of capacity and kinetics over AsV capture in solutions 

mimicking real polluted waters. As concluded from the fittings of adsorption 

isotherms and kinetic curves, AsV is captured through chemisorption at the MOF-808 

nanoparticles. 

Considering the performance of the CH@MOF-808 systems, it can be concluded 

that we have achieved a broad adsorption technology able to work in the present of 

complex variety of pollutants that can be found in current water streams. Moreover, 

the MOF structural diversity and designability at the molecular levels, combined with 

the easy processability and biocompatibility of CH polymers, makes the developed 

materials suitable for applications where available surface area, pore size and pore 

chemistry become a relevant issue. 
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Chapter 6 
Conclusions and Future Trends 

 

6.1. CONCLUSIONS 

In this thesis, the potentials for water remediation of chemically robust Metal-

Organic Frameworks and their composites have been assessed. Considering all the 

work developed in perspective, it can valued that the general objective of the thesis 

has been accomplished. In detail, the pros and cons of the different pre and post-

synthetic functionalization pathways that can be applied to water stable MOFs to 

enhance their performance for the capture, separation and degradation of specific 

pollutants as heavy metals and phenolic compounds have been determined 

succesfully. 

More concretely, the following conclusions arise from the thesis work considered 

as a whole: 

 The dual photocatalytic and adsorptive functionality of the archetypical  

Zr-based UiO-66(-NH2) over the simultaneous CrVI to CrIII photoreduction and 

immobilization is based on a balanced combination of defective chemistry and 

inner functionalization of the pore space of the frameworks. 

 The particle size reduction of the Ti-based MIL-125 has been revealed as a key 

parameter to enhance the photoactivity to reduce hexavalent chromium. 

 Multivariate reticular chemistry has shown to be a versatile tool to tune the 

physico-chemical properties of UiO-66 frameworks and enhance their 

adsorption and photoreduction abilities. 

 A synergistic enhancement of the band gap, photoconduction and photocatalytic 

efficiency of the MTV-UiO-66, which exceeds the average sum of the single-

functionalized materials in some cases, is observed when -NH2, -(OH)2 and  

-NO2 functional groups are encoded within its framework. 

 The combination of linkers with electron-donor and electron-acceptor groups is 

key to improve the photoconduction in MTV-UiO-66 frameworks. 
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 Multivariate reticular chemistry has shown to be a limited tool to control the 

thermal and hydrolytic stability of UiO-66 frameworks, since both parameters 

are dictated by the Zr-linker bridges with the lower chemical resistance. 

 The inner functionalization of the MOFs pore space with amino acids and 

natural acids alters significantly the chemical and thermal stability of the 

frameworks, as well as their adsorption capacity and affinity towards metal ions 

with varied acidities. 

 The incorporation of these molecules endows the MOF-808 pore space of metal-

complexing mechanisms where single or cooperative metal-binding modes 

operate to stabilize isolated, clustered and even partially reduced metal ions such 

as copper or chromium. 

 As a consequence, the metal immobilization in MOF-808@(amino) acid system 

does not only involve amino acid-metal coordination chemistry, but electron 

transfers processes able to reduce and oxidize the immobilized metal ions. 

 The metal affinity of MOF-808@(amino)acid system determined in static 

conditions is well correlated to the one observed in the breakthrough 

experiments with multielement solutions. 

 The coordination environment and clustering degree of CuII metal ions 

immobilized within the pore space of MOF-808 can be partially controlled by 

selecting the proper (amino) acid encoding, in parallel to the copper adsorption 

conditions. 

 The coordination environment and the clustering degree of the CuII ions 

stabilized into the MOF-808@(amino) acid system modulate both their 

efficiency and their selectivity to oxidize phenolic compounds. 

 The multivariate combination of cysteine and histidine in the pore structure of 

the MOF-808 does not have a synergic effect on its catalytic properties when 

decorated with copper ions. 

 The immobilization of MOF particles into polymeric membranes is an effective, 

easy and cost-effective solution to recover these materials after their use. 

 The processing method of the PVDF-HFP membranes have a direct effect in 

their micro to nanometre scale structure. 
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 As concluded from small angle X-ray and neutron scattering experiments, the 

inclusion of the MOFs into the PVDF-HFP significantly alters its micrometre to 

nanometre structure inducing a change in the fractal structuration of the 

polymer, and generating new nanometric inhomogeneities in the membrane 

ascribed to the MOF-MOF, MOF-polymer and polymer-polymer interphases.  

 The accessibility of the MOF particles in the membranes can be calculated via 

metal adsorption tests, comparing the adsorption capacity of the MOF 

immobilized in the membrane with the capacity of the MOF determined via its 

dispersion in a water solution. 

 The processing methodology of the PVDF-HFP membranes influence 

drastically their structure, and hence, the accessibility of the MOF nanoparticles 

to capture the target pollutant. 

 The encapsulation degree of the MOFs increases when the MOF content is 

increased. 

 The post-synthetic modification of the MOF-808 via SALI can be performed 

when the MOF is already immobilized in the membrane. 

 MOF-808 nanoparticles incorporation into chitin gel polymeric matrix develop 

micro, meso and macroporous composites that work efficiently for the 

adsorption of a large variety of pollutants ranging from small ions and molecules 

to large proteins or nanoparticles. 

 CH@MOF-808 composite benefits from the synergistic interactions of its 

components, outperforming both MOF-808 and CH efficiency, mainly because 

of the active role of the interface between MOF-808 and CH during adsorption. 

 

6.2. FUTURE TRENDS 

The advances made throughout this work have opened the room for the future 

improvement of reticular materials, and especially of Metal-Organic Frameworks, not 

only for water remediation purposes, but for environmental prevention, monitoring 

and revalorization processes too. Below, there are listed some of the points that we 

have considered highly interesting in order to expand our research in the coming 

future. 
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 In the short term, as direct future work closely related with the efforts 

developed within this thesis, understanding the key processes enabling the 

activation and reutilization of MOFs will be key to expand their use for real-

life application. Now that we have stablished the main strategies to improve 

their performance, the reactivation and reusability for pre- and post-

synthetically encoded MOFs should be deeply studied in order to fully 

regenerate their functions without altering/degrading their initial crystallinity, 

porosity and quality. 

Furthermore, in the mid-term, it would be interesting to focus the future work in 

the research points directly related with environmental remediation purposes 

detailed below: 

 The photoreduction capacity towards CrVI that multivariate UiO-66 materials 

have shown could be extended to photooxidation of AsIII to AsV. This approach 

is of high-environmental and societal relevance since many countries as Chile, 

show natural levels of arsenic in drinking and wastewater that surpass by far 

the legal limits stablished by WHO. In addition, AsIII is more dangerous and 

difficult to capture through adsorption than AsV, making its photooxidation 

with MTV-UiO-66 with amino, nitro, thiol or bromine functional groups 

highly appealing. Indeed, multivariate reticular chemistry can open the room 

to a fast and efficient capture and phototransformation of arsenic from water 

at ppm concentration levels. 

 The redox chemistry that the metals immobilized within the MOFs have shown 

opens the window to explore the electrochemical sensing capacity of these 

materials, not just to monitor heavy metals concentration in a solution, but to 

adapt the features of the redox-catalytic centres to detect complex organic 

pollutants such as drugs or hormones. 

 In line with the possibility depicted above, the oxidative degradation that 

copper-doped MOF-808@(amino) acids have shown over phenolic 

compounds could be extended to complex pollutants as common drugs or 

endocrine disruptors. 
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 Among the innumerable possibilities to assemble PVDF-HFP and 

Chitin@MOF composites, this work has studied a narrow window within of 

the compositional parameter space. In fact, there are many factors that can be 

studied yet from a small angle scattering techniques perspective. As an 

example, the effect that the temperature has during the nanostructuration of the 

membranes processed by NIPS, or the effect of the colloidal dispersibility of 

the surface-chemistry of the MOF nanoparticles in their stabilization within 

the polymeric matrixes are still open questions to investigate. 

 In addition, how to precisely study and describe the nanostructure of the 

composites, of their pore interconnectivity, or the specific accommodation of 

MOF nanoparticle in this space need to be further investigated. 

 Moreover, the effect of the thickness of the membranes, as well the PVDF-

HFP functionalization process to increase its hydrophilicity, are of high 

interest and there is plenty of room to explore them. 

 The expansion of the polymer@MOF composites engineering to carboxyl-rich 

natural polymers could be of high interest to stalely anchor the MOF 

nanoparticles to the polymeric matrix either via their surface-defective points 

or through their direct crystallization into the polymeric matrix. 

In addition to the future-possibilities related with the main focus of this thesis 

work, many fundamental questions have arisen from the materials engineering and 

advanced applications: 

 From a more fundamental point of view, it would be highly interesting to 

unravel whether the generation of reactive-oxygen species when illuminating 

the MOF-photocatalyst is a process driven through the whole material or 

preferably at their surface. 

 In parallel, it would be highly interesting to investigate if the chemical 

instability of specific linkers installed within MTV-MOFs could open the 

possibility to generate defects in the materials through their acid selective 

leaching. 
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 In fact, given the chiral nature of amino acid functions installed within the 

MOFs, these amazing bioinspired systems could be adapted and tested for the 

enantioselective separation or catalysis of highly added value chemicals. 

 In line with the previous point, unravelling the oxygen and hydrogen peroxide 

activation mechanisms by the chiral-metal sites installed into the MOFs, and 

the posterior evolution of these highly reactive centres would be a highly 

challenging by rewarding point to clear up. 
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