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Abstract 
 

The present PhD thesis has been dedicated to the study, development and 

implementation of composite materials made of Metal-Organic Frameworks (MOFs) and 

Inorganic Nanoparticles (INPs) with enhanced functionalities not achievable by the 

constituent materials alone. 

In Chapter 1, a brief review of the state of the art in the field of porous crystalline 

materials is presented, from their conception to actual successful application in the 

industrial field. This Chapter offers a quick look to the most relevant concepts for the 

design and synthesis of this class of materials, as well as their most promising exploitable 

functionalities. Especial emphasis has been given in presenting works that successfully 

combine MOFs with other functional materials in order to compensate shortcomings of 

the individual constituents, or complement their strengths. The aim of this chapter is to 

contextualize the reader to the work presented in this thesis. 

In Chapter 2, the general and specific objectives of this Thesis are described. 

In Chapter 3, a composite material synthetized through spray drying for water 

remediation applications is presented. This material, shaped in the form of microbeads, 

combines a MOF from the UiO-66 family and CeO2 INPs. Both materials are known for 

their capabilities for the removal of various heavy metals from water. The synthetized 

composite microbeads are tested to assess their adsorptive capabilities in several 

experiments including ones simulating real water samples from polluted rivers. 

Furthermore, the material is incorporated into a continuous-flow fixed bed filtration 

system prototype where breakthrough and regeneration experiments are performed 

Finally, to prove the versatility of the synthetic method utilized for the formation of the 

beads an additional magnetic composite is developed by simultaneously incorporating 

CeO2 and Fe3O4 INPs into UiO-66-(SH)2. 

In Chapter 4, one of the materials presented in the previous chapter, UiO-66 microbeads 

with encapsulated CeO2 INPs, is integrated into a millimetre-sized polymer granule for 

water remediation applications. This study is carried out with a product-minded view. 

All the experiments where performed in a jug-filter commercialized by Brita® by replacing 

the original contents of the adsorption cartridge with our material.  The water 

remediation experiments were carried out following the American National Standards 
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Institute (ANSI) guideline 53-2019, “Drinking Water Treatment Units - Health Effects 

Standard”. This is the same standard commercial product must fulfill in the USA. To the 

best of our knowledge this was the first time a MOF-based material was evaluated under 

internationally recognized water remediation standards. The aim of the work presented 

in this chapter was to bring MOF adsorbents one step closer to real-life water 

remediation applications. 

In Chapter 5, a spray-dried composite material combining UiO-66 MOF and silica-coated 

gold nanorods for the capture and release of Iodine is presented. When irradiated with 

the appropriate wavelength of light, the encapsulated gold nanorods generate heat 

thanks to the photothermal effect triggering the release of the adsorbed Iodine. We aim 

to utilize this triggered release to utilize our material in antibacterial applications. After 

validating the performance of this composite, we integrate it into a polymer film. We 

perform a complete study of the iodine adsorption and triggered release of the films as 

well as in vitro antibacterial experiments against gram positive and negative bacteria.  
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Resum 
 

La present tesi doctoral ha estat dedicada a l’estudi, desenvolupament i implementació 

de materials compòsits fets d’estructures organometàl·liques (MOFs) i nanopartícules 

inorgàniques (INPs) amb funcionalitats augmentades que no són possibles d’obtenir pels 

materials constituents sols. 

En el Capítol 1 es presenta un breu resum de l’estat actual del camp dels materials 

porosos cristal·lins. Des de la seva concepció, a casos on són aplicats exitosament en el 

camp de la indústria. Aquest capítol ofereix un cop d’ull als conceptes més importants 

per la síntesi i disseny d’aquesta classe de materials, així com les seves funcionalitats 

més útils. S’ha posat especial èmfasi en presentar treballs que combinen de forma 

exitosa MOFs amb altres materials funcionals per tal de compensar els desavantatges 

dels constituents individuals, o potenciar els seus punts forts. L’objectiu d’aquest capítol 

és el de contextualitzar el lector en el treball presentat en aquesta tesi. 

En el Capítol 2 es descriuen els objectius específics i generals d’aquesta tesi. 

En el Capítol 3 es presenta un material compòsit sintetitzat a través d’assecat per esprai 

aplicat a la purificació d’aigua. Aquest material, estructurat en forma de microperles, 

combina un MOF de la família del UiO-66 i INPs de CeO2. Tots dos materials són coneguts 

per la seva capacitat d’extraure diferents metalls pesants de l’aigua. Les microperles 

compòsit sintetitzades han estat provades per avaluar les seves capacitats absortives en 

multitud d’experiments incloent uns que simulaven mostres reals de rius contaminats. 

A més a més, el material estudiat és incorporat a un sistema de flux continuo en un 

prototip de columna de filtració de llit empacat fix per efectuar experiments de corbes 

d’esgotat i regeneració del material. Finalment, i per tal de demostrar la versatilitat de 

la síntesi d’assecat per esprai, vam desenvolupar microperles magnètiques mitjançant la 

incorporació simultània de INPs de CeO2 i Fe3O4 dintre de UiO-66-(SH)2. 

En el Capítol 4 s’integra un dels materials presentats en el capítol anterior, les 

microperles de UiO-66 amb INPs de CeO2 encapsulades en l’interior, dintre grànuls 

polimèrics de mida mil·limètrica per la purificació d’aigua. Aquest estudi està efectuat 

des del punt de vista no només d’estudi, sinó també de desenvolupar un producte. Tots 

els experiments estan efectuats utilitzant una gerra filtrant comercialitzada per Brita® en 

la qual els continguts del filtre original són reemplaçats pel nostre material. A més a més, 
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els experiments de purificació  es van efectuar seguint l’estàndard del “American 

National Standards Institute (ANSI) 53-2019, “Drinking Water Treatment Units - Health 

Effects Standard”. Aquest és l’estàndard que els productes comercials tenen que complir 

als EUA. Que nosaltres sapiguem, aquesta és la primera vegada que un material basat 

en MOFs és avaluat seguint les directrius d’un estàndard per la filtració d’aigua 

internacionalment reconegut. L’objectiu de la feina presentada és el d’acostar els 

materials basats en MOF a aplicacions reals de purificació d’aigua. 

En el Capítol 5, es presenta un material compòsit sintetitzat mitjançant assecat per 

esprai que combina el MOF UiO-66 amb nanobarres d’or recobertes amb una capa de 

sílice per la captura i alliberament de iode. Quan són irradiades amb la freqüència de 

llum correcta, les nanobarres encapsulades generen calor gràcies a l’efecte fototèrmic, 

fet que indueix l’alliberament controlat del iode encapsulat. El nostre objectiu és utilitzar 

aquest alliberament controlat del nostre compòsit per aplicacions antibacterianes. 

Després de validar les propietats d’aquest compòsit, l’integrem amb un polímer per 

generar una membrana. Finalment, fem un estudi complet de l’adsorció i alliberament 

controlat de iode de les membranes així com experiments in vitro amb bacteris gram 

positiu i negatiu. 
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1.1 Introduction 
Human history has always gone hand-to-hand with the materials available to it. Even 

today, the development and progress of a country can be related to the materials that 

are able to develop and synthetize.1 Ancient tribes made use of the raw matter that was 

available to them, such as rocks, soil, wood and animal tissues found in their 

environments. With the advent of fire and its control, metals such as gold and copper 

that are rarely found in metallic form directly from the Earth were made available to 

them. For almost 2.3 million years, civilizations lived using only these easy-to-obtain and 

naturally occurring materials, a period known as the Stone Age. It is the drive to discover, 

improve, and develop solutions to the needs of mankind that has propelled the field 

known today as Materials Science. Around 3000 BCE, smelting of metals from mineral-

rich ores was developed and a new material synthetized, an alloy of copper and tin, kick-

starting the dawn of the Bronze Age. The materials developed by civilizations have been 

deeply tied to the progress and development of its people, so much so the early stages 

of humankind were named after the prevalent material used for their tools (stone, 

bronze and iron). The development of paper, glass, different metal alloys, plastics and 

semiconductors throughout our history are landmarks of huge leaps in progress of our 

technology. 1985 marked the synthesis and identification of the first artificial 

nanomaterial, the carbon fullerene.2 As these new materials have been developed, they 

have allowed the development of novel products and technologies. Automobiles, 

computers, robotics and rocketry have all been made possible thanks to these new 

synthetic materials. Thus, Materials Science is an ever growing and evolving field, as it is 

our nature to overcome the challenges in our path with creative solutions, developing 

new tools to solve the problems that are presented. A path in which chemistry and its 

understanding has been omnipresent. 

One field in Materials Science that has been continuously gaining traction in the last 

decades is the field of crystalline porous materials, the poster child of which undoubtedly 

are zeolites. The Swedish chemist Axel Cronstedt first described zeolites in 1756.3 He 

noted that the mineral stibnite appeared to steam when heated. Cronstedt named these 

materials zeolites or ‘‘boiling stones’’ (from Greek ζέω “zeo” – to boil and λίθος “lithos”– 

stone). Nowadays, the largest application for zeolites are the detergency industry,4 

where they are used as ion-exchange reagents to remove Ca2+ and Mg2+ from ‘‘hard’’ 

water. The other main application is in catalysis, in which are crucial in Fluid Catalytic 

Cracking and Hydro-Cracking, two commercial processes in the oil refinery industry. The 

uniform microporosity of zeolites has also been exploited in molecule separation, acting 
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as nanoscopic sieves, and as moisture traps of organic solvents thanks to their high 

hydrophilicity.4,5 Nonetheless, the purely inorganic makeup of zeolites, generally 

comprised of an ordered arrangement of [SiO4]4- and [AlO4]5- clusters, limits the potential 

chemical and physical properties that these materials can have. For this reason, the field 

of crystalline porous materials has naturally shifted to hybrid materials like Metal-

Organic Frameworks (MOFs) and to purely organic ones such as Covalent Organic 

Frameworks (COFs) (Figure 1.1). 

 

The emergence of MOFs is often described as just a way to mimic zeolites with an 

expanded chemical functionality. This is an oversimplification was an inevitable 

consequence of the design of extended materials with permanent microporosity. Unlike 

zeolites, MOFs have the potential to allow for close control of the size, shape and 

chemical functionality of the pores and by extension, of their fundamental 

physicochemical properties. Today, the structural and compositional flexibility of this 

new generation of crystalline porous materials (Figure 1.2) have granted MOFs multiple 

applications in the fields of gas separation and storage,6 sensing,7 catalysis8 and drug 

delivery.9  

1.2 Metal-Organic Frameworks  
MOFs are a subclass of coordination polymers that present potential porosity owed to 

their regular crystalline lattice. According to the International Union of Pure and Applied 

Chemistry (IUPAC), MOFs are coordination networks with organic ligands and inorganic 

nodes containing potential voids.10 These voids or pore cavities have sizes ranging 

 

Figure 1.1 Three classes of crystalline porous materials according to the chemical composition 

of their building blocks. 
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between several Armstrongs to a few nanometres, leading to unparalleled surface 

areas.11 Indeed, there are reports in the literature of record breaking materials with 

10000 m2/g.12 These outstanding surface areas are one of the most important 

characteristics of MOFs and have fuelled unrelenting study in the past two decades 

(Figure 1.2), with more than 54000 crystal structures deposited in the Cambridge 

Structural Database (CSD). 

 

1.2.1 Historical overview 

A first milestone in this field was reported by Robson and Hoskins in 1989. The authors 

presented the first 3D framework based on tetrahedral copper centres connected to the 

tetratopic ligand 4,4’,4’’,4’’’-tetracyanotetraphenylmethane.13 The resulting material 

displayed a periodic, diamond-like lattice with adamantine-shaped cavities. In the 

following year,14 Robson and Hoskins suggested the rational design of extended 

networks comprised of what they described building units of fixed topology. In that 

work, they claimed that frameworks constructed with any tetrahedral building units 

connected by cyano-based ligands should be synthetized adopting a diamond-like 

crystalline structure. Later, this concept was expanded by proposing that other 3D 

networks could be just as easily synthetized by mix-and-matching different building units 

with compatible geometry.  

In 1995, Yaghi et al. presented the synthesis of a diamond-like structure based on copper 

ions and the ditopic ligand 4,4’-bipyridine (bpy), and coined the term Metal-Organic 

 

Figure 1.2 Number of published studies related to MOFs between 2000 and 2020 
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Frameworks (MOFs) to refer to these kind of materials for the first time.15 A drawback 

ubiquitous to all this early generation of MOFs was that their potential porosity was lost 

upon removal of guest solvent molecules from the pores. Indeed, all of them partially 

collapsed due to the fragile nature of the N-Metal coordination bond. It took two years 

to show that MOFs could retain their potential porosity. In 1997, Kitagawa et al.16 

reported the adsorption capabilities of CH4, N2 and O2 for a cobalt-based MOF, also 

synthetized with bpy. The following year, Yaghi et al. revolutionized the field of MOFs by 

using polycarboxylate ligands.17 The new robust chelating carboxylic-metal ion bond 

produced rigid, geometrically defined sturdy structures. Furthermore, the newly 

synthetized MOFs with anionic ligands counterbalanced the positive charge of the metal 

nodes, averting the necessity for counter ions that otherwise could occlude the pores. 

Thanks to this breakthrough, Yaghi et al. reported the first MOF with permanent 

porosity. Named MOF-2, it was based on the zinc paddlewheel cluster which was 

comprised of two Zn(II) ions connected by four carboxylate groups in bis-monodentate 

bridges coming from the linear ligand 1,4-benzenedicarboxilic acid (BDC), and had two 

water molecules capping the cluster (Figure 1.3).18,19 The resulting structure based on 

this cluster was a 2D grid of zinc paddlewheels connected by BDC bridges and extended 

in the third dimension through hydrogen bonds between the water ligands. After 

evacuation of guest solvent molecules from the pores, N2 adsorption studies revealed a 

Brunauer-Emmett -Teller (BET) surface area of 270 m2/g. 

 

 

Figure 1.3 Representation of the zinc paddlewheel cluster, BDC ligand and the crystalline 

structure of MOF-2 as seen down the crystallographic direction [001].19 
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MOF-2 became the cornerstone of the subsequent second generation of MOF 

structures, in which single metal ions were substituted by rigid, geometrically defined 

metal oxoclusters as inorganic nodes. Not long after the publication of MOF-2, two 

frameworks of axiomatic importance were reported: HKUST-1 (Figure 1.4),20 a 3D 

copper-based framework with a reported BET surface of 1800 m2/g; and MOF-5,21 

another zinc-based 3D framework with an apparent BET surface of 2900 m2/g. These 

unprecedentedly reported surface areas finally proved the potential of MOFs. Even to 

date, numerous scientific works are still being published based on HKUST-1 and MOF-5 

cementing their capital importance. 

Since then, there has been an explosive expansion of reported MOFs. In this context, 

and inspired by Robson and Hoskins, Yaghi introduced the concept of secondary building 

units (SBU)22–24 as a transcendental concept to understand, predict and design novel 

MOF topologies. SBUs are molecular complexes/clusters in which ligand coordination 

nodes and metal coordination environments can be used in the transformation of these 

fragments into extended MOFs using polytopic linkers. By considering the chemical and 

geometrical attributes of different SBUs, one can in theory predict the resulting 

frameworks topology and inner pore chemical functionalization. This in turn birthed the 

field of reticular chemistry, defined as “the chemistry of linking molecular building blocks 

by strong bonds into crystalline extended structures”. Reticular chemistry relies on the 

 

Figure 1.4 a) Copper paddlewheel cluster of HKUST-1. b) structure of HKUST-1 viewed down 

the crystallographic direction [100].20 
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combination of SBUs and organic linkers, taking into account both the resultant net 

underlying topology and the building units geometrical constrains. The development of 

this approach has permitted to enlarge and enrich the discovery and the synthesis of 

MOFs. 

The first example of reticular chemistry put to use to rationally design crystalline 

structures was the work of Yaghi et al. presented in 2002. In that work, 16 isoreticular 

MOFs (IRMOFs) (Figure 1.5) were synthetized by altering the chemical functionalization 

of the BDC linker, or by utilising longer polyaromatic dicarboxilate as ligands so as to 

expand the resulting pore structure.25 This important work clearly proved that the SBU 

approach is a powerful tool to design and synthesize new MOFs, and allowed the 

discovery of numerous new MOF structures, a process still ongoing to date. 

 

1.2.2 Applications of MOFs 
MOFs represent a promising emerging class of porous materials. They offer not only 

higher surface areas compared to currently used materials (such as zeolites, activated 

carbon and metal oxides), but also the possibility of tailored shape/size discrimination, 

a valuable property especially useful in catalysis and gas purification/separation. To 

date, MOFs have already found success in myriad applications (Figure 1.6), including gas 

storage and separation,6,26,27 sensors,28–30 drug delivery,31 environmental32–34 and 

 

Figure 1.5 Ligands utilized for the building of the 16 isoreticular IRMOFs and corresponding 

crystaline structures of IRMOF obtained through reticular synthesis. Zn, blue polyhedral; O, 

red spheres; C, black spheres; Br, green spheres; amino-groups, blue spheres. The large yellow 

spheres represent the largest van der Waals spheres able to fit inside the cavities without 

touching the frameworks.25 
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catalysis.8,35,36 Some of the studies showcasing these successful applications of MOFs will 

be discussed in this section. 

 

1.2.2.1 Gas Adsorption 

Gas adsorption and its many uses for capture, storage, refinement, separation and 

detection of molecules is one of the most common application, and the first one that 

was put to practice with the advent of MOF synthesis. This is a field with important 

ramifications to our society with direct impact in the automotive and energy production 

industry, as well as many environmental applications. Some of the gas adsorption 

systems of greater relevance are discussed below. 

1.2.2.1.1 Hydrogen 

As an energy source, hydrogen has been a topic of interest for several decades. It is an 

abundant environmentally-friendly combustible of high energy density. However, for its 

broader use into mainstream applications, two main hurdles need to be overcomed.37 

These two hurdles are hydrogen transport and storage. Despite its high energy density 

per mass (44 MJ/Kg), its energy density per volume is almost 6 times lower (8 MJ/L). This 

is because hydrogen is a gas and therefore, requires large heavy tanks loaded at very 

high pressures to transport significant amounts of it. This of course is both unpractical 

 

Figure 1.6 Representation of some of the current applications of MOFs. 
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and unsafe, therefore limiting the use of hydrogen as a combustible fuel. One solution 

to this dichotomy is the use of adsorption instead of pressure to store high amounts of 

hydrogen. By adsorbing hydrogen molecules on a highly porous substrate, more 

hydrogen can be packed per unit of volume under the same pressure and temperature. 

This is possible thanks to the interaction energy between adsorbate and substrate.38 

Effectively, the same amount of hydrogen could be transported at a fraction of the 

pressure required in conventional tanks. This in turn would decrease the necessity of 

heavy shielding, lowering the overall weight and, most importantly, making them safer. 

MOFs have already been used for hydrogen storage with promising results.39–42 For 

instance, a Copper-based MOF named NU-100 (Figure 1.7), with a reported surface area 

of 6143 m2/g, exhibited one of the highest hydrogen storage capacities for porous 

materials: 99 mg/g at 77 K and 56 bars of pressure.43  

 

1.2.2.1.2 Methane 

Much like hydrogen, methane is an abundant molecule with a relatively clean burning 

process. Being a gas, it also shares the same drawbacks as hydrogen, requiring very high 

pressures (200-300 bar) and/or cold temperatures (112 K for liquefaction) for its 

effective storage. Adsorption methods to store this component of natural gas, a solution 

already discussed for hydrogen, have been proposed for several decades already. The 

classical adsorption materials, like zeolites and activated carbons, display decent 

adsorption values of 100 and 50-160 cm3
(STP)/cm3, respectively.44,45 However, these later 

reported values fall outside the target range imposed by the United States Department 

of Energy (DOE) of 263 cm3
(STP)/cm3. Therefore, more research in alternative adsorption 

 

Figure 1.7 a) Representation of the crystalline structure of NU-100. b) Experimental gas 

sorption data (black), simulated gas sorption data (blue squares) and simulated gas sorption 

data with low-pressure hydrogen (77 K) (red diamonds) for NU-100.43 
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materials is needed. The first material to reach and surpass the U.S. DOE was the 

notorious MOF HKUST-1, with a reported methane uptake of 270 cm3
(STP)/cm3 at room 

temperature and under 65 bar of pressure. Unfortunately, when densified into a 

cylinder, HKUST-1 partially collapses and its uptake is reduced to 180 cm3
(STP)/cm3.46 Since 

then, many works have been published optimizing this performance, stability and 

economic cost of many MOFs and their composites for CH4 adsorption. In this field, a 

milestone was reported by Fairen et al. in 2018, who found that HKUST-1 monoliths 

synthetized through a sol-gel method (Figure 1.8)47 kept a methane uptake of 259 

cm3
(STP)/cm3 at 65 bars and 298 K; therefore making it the first reported material to reach 

the U.S. DOE target. 

 

1.2.2.1.3 Carbon dioxide 

Carbon dioxide is one of the major responsible gases for greenhouse effect globally. In 

the past 60 years, CO2 concentration in the atmosphere has raised from an average of 

310 to 380 ppm and it is expected to reach 550 ppm in 2050, even if CO2 emissions are 

reduced enough to reach stabilization.48–50 Mainly coming from industrial production 

and the burning of coal and oil as combustibles, there is an increasing need to find 

 

Figure 1.8 a) Schematic representation of the synthesis of HKUST-1 monoliths. Indented photo 

of the as-made gel. b) Comparison of absolute volumetric methane adsorption isotherms at 

298 K on monolithic HKUST-1 (red filled circles), excess volumetric uptake on monolithic 

HKUST-1 (red open circles), HKUST-1 pellets under hand packing (blue diamonds), HKUST-1 

pellets packed under 27.6 MPa (black squares), and HKUST-1 pellets under 68.9 MPa (green 

triangles). The DOE target of 263 cm3
(STP)/cm3 is represented by the red dashed line.47 
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alternative energy sources or reduce its emission. One strategy proposed to achieve this 

goal is the sequestration of CO2 with adsorptive materials before it is released in the 

atmosphere. MOFs have already demonstrated their potential as effective CO2 capture 

materials.49,50 In adsorption processes at close to atmospheric pressure, the chemical 

functionalization of the pore surfaces of adsorptive materials play a very important role. 

As such, the possibility to have unsaturated metal sites and to introduce pending Lewis 

bases or other strongly coordinating chemical features in the porous frameworks give 

MOFs great potential as CO2 adsorbents. An example of chemical functionalization to 

enhance CO2 capture was a work reported by Hong et al.51 In this work, a MOF-74-like 

channelled framework decorated with pending N,N’-dimethylethyldiamine groups 

(Figure 1.9) displayed an adsorption capacity of 3.2 mmol/g at 298 K and 0.15 bar, a value 

slightly lower than the non-functionalized MOF (4.8 mmol/g) but with almost nine times 

better selectivity.  

 

1.2.2.1.4 Water 

Due to the low hydrolytic stability of the first reported MOFs, research on water 

adsorption lagged behind other gases. Nonetheless, as more and more MOFs have been 

synthetized with outstanding water stabilities,52,53 the interest to apply them to water 

sorption applications has grown significantly in recent years.54 Due to their high porosity 

 

Figure 1.9 Representation of the MOF-74-like framework (1) together with their functionalized 

versions and corresponding CO2 and N2 isotherms for 1 (a), 1-en (b), 1-mmen (c) and 1-ppz (d). 

The dashed lines mark the pressures of 0.15 and 0.75 bar.51 
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and chemical conformation, MOFs have a lot of potential to be successfully implemented 

in applications such as water harvesting,55,56 humidity control57,58 and adsorption heat 

pumps.59,60  

1.2.2.1.4.1 Water harvesting 

Mekonnen and Hoekstra published a study in 2016 stating that reports over the 

hardships for population in under-developed countries to access fresh water had been 

severely underestimated.61 According to their research, four billion people representing 

two thirds of the global population live under severe water shortages for at least one 

month of the year, and half a billion do so all year round. To overcome this challenge, 

profound modifications will be necessary to the consumption, sharing and wasteful use 

of water on a global level. On smaller scales, possible solutions to the shortcomings that 

the most vulnerable populations face to access drinking water could be its harvesting 

from the atmosphere.62 Atmosphere water represents only 0.04% of the global fresh 

water by mass. Nonetheless, most of the fresh water on earth is inaccessible for 

collection, such as the one immobilized in permafrost ice. From the easily-available 

freshwater found in rivers and lakes, atmospheric humidity represents a value closer to 

14%. 

Atmospheric water has been historically collected using chillers that harvest the dew 

formed when cooling humid air below its dew point. The main drawback of this 

technology is that it is very costly both to implement and in its energy use, severely 

limiting its implementation in the regions that would be most needed.63 Clearly, there is 

a need for other alternatives to traditional, electrically-powered chillers to be 

developed. One such alternative could be adsorption-based water harvesters. These 

systems are based on adsorption-desorption cycles of water molecules. At night, water 

would be collected thanks to the lower temperatures and higher atmospheric humidity, 

and then during the heat of the day released. While these systems cannot provide the 

same volume of water as conventional atmospheric water generators, they do so with 

very little (or none at all) electrical energy required. Indeed, these adsorption-based 

systems can be regenerated just with a small heater resistor run on a solar cell or by bare 

solar thermal energy.55 This is immensely important in their implementation in remote 

off-the-grid regions where they are most needed.  

Water stable MOFs are ideal materials to be used as the active component for this kind 

of harvesters thanks to their high porosity and water affinity, which translates to high 

working capacities (the amount of water that they are able to adsorb). MOFs also 
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present type IV and V adsorption isotherms, meaning that there is a very steep uptake 

in a narrow range of relative humidity. This allows for the uptake of high amounts of H2O 

and its desorption with very small swings in water pressure, a property ideal for this kind 

of application. Furthermore, thanks to the versatility and tunability of MOFs, this narrow 

adsorption range can be fine-tuned to the ideal conditions for the region the harvesting 

has to take place. 

In 2018, Yaghi et al. presented an adsorption-based water harvester devise that 

employed MOF-801 as its active collector.64 MOF-801 is a Zirconium-based framework 

extended through fumarate ligands into a 3D network. This water stable MOF with a BET 

surface are of 582 m2/g was able to collect 100 grams of water per kilogram of MOF per 

day. Impressively, it was able to do so at the deserts of Arizona with a relative humidity 

of 20% and required only 40 ºC to fully desorb the water and regenerate; a temperature 

easily reachable through solar thermal heating on black-painted surfaces. The entire 

device and setup utilized no electrical energy to operate, relying only on the humidity 

and temperature swings of the day-night cycle. Yaghi et al. kept improving on the design 

of this water harvester the following year. His new version was no longer electricity-free 

but instead worked on the energy coming from a small solar panel that powered fans 

that blew ambient air into a cartridge containing MOF-303 (Figure 1.10).65 This MOF is 

an Aluminium-based framework linked through 3,5-pyrazoledicarboxylate ligands with 

faster kinetics and higher water uptake compared to MOF-801. The optimized device 

performed 10 times better than its predecessor, outputting almost a kilogram of water 

per kilogram of MOF per day. Another important work on this field was the one reported 

by Dincă et al., in which the cobalt-based MOF named Co2Cl2(BTTD), composed of 1D 

chains of penta-coordinated Co(II) ions interconnected through triazolate ligands, was 

tested simulating realistic atmospheric conditions of the day/night cycle of a desert.66 

Under these conditions, they reported that this MOF was able to generate 820 grams of 

water per kilogram of MOF per day. 
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1.2.2.1.4.2 Humidity control 

Optimal indoor relative humidity (RH) levels for human habitation as recommended by 

ASHRAE are set between 40 % and 65 %. More extreme values tend to generate 

discomfort and, on prolonged exposure to extreme % RH, even health issues such as 

respiratory complications or microbial growth (i.e. fungi) start to appear. Current 

humidity control systems employ mechanical humidificators and dehumidificators, 

usually in the form of mist sprayers and silica traps attached to heating resistances.67 

These devices are all controlled through an electrical hygrometer, making the whole 

assembly an expensive and energetically costly apparatus.  

A better solution would be to employ an adsorptive material that would autonomously 

control humidity at room temperature thanks to its adsorption-desorption profile.57 For 

a good humidity control system, humidity should be adsorbed at values greater than 65 

% and desorbed when the RH drops under 40 %. It is also important that the material 

adsorbs and desorbs water quickly once the thresholds are overpassed, meaning that 

the adsorption curve profile should be an “S”-shaped isotherm. There are not many 

examples in the literature of materials that fit all the requirements of “S”-shaped 

isotherms with large hysteresis gaps in the correct range of RH. Among these examples, 

 

Figure 1.10 a) Pictures of the MOF-303-based water harvester located in the Arizona desert. 

b) Representation of the desorption and adsorption performance of this device.65 
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MOFs are the candidates with the highest potential to succeed, thanks to the possibility 

to fine-tune their adsorption profile. For an effective humidity control material, 

however, a good water stability is an indispensable requirement, as well as the capability 

to perform a large number of adsorption-desorption cycles without losing performance. 

Eddaoudi et al. was the first to explore MOFs as autonomous humidity control systems. 

In 2017, they reported the synthesis of an Yttrium-based MOF named Y-shp-MOF-5 with 

a water sorption isotherm presenting an “S”-shaped profile uptake at 55-75 % RH and 

desorption step on the 30-50 % RH range.58 Y-shp-MOF-5 also presented a total water 

uptake of 0.5 g/g and, most importantly, very high water stability. The MOF endured 200 

moisture adsorption-desorption cycles without any observable degradation in 

performance. Recently, Qin et al. reported the autonomous humidity control 

performance of a chromium-based MOF named MOF-PHCM.57 This MOF presented an 

“S”-shaped isotherm with absorption between 60-80 % RH and desorption at RH below 

30-45 % (Figure 1.11) with a total water uptake of 1.62 g/g. Numerical simulations were 

carried out to study the effect of MOF-PHCM on indoor hygrothermal conditions and 

building energy consumption, simulating five different climates worldwide: hot desert, 

semi-arid, Mediterranean, temperate, and humid subtropical. The results revealed that 

MOF-PHCM could effectively regulate the moisture levels and maintained the indoor RH 

within the desired range in most climates, as long as it was properly regenerated. 

 

 

Figure 1.11 a,b) MOF-PHCM in its powder form (a) and formed into a brick (b). c) Water sorption 

isotherms for MOF-PHCM fresh (solid line) and after 100 cycles (dashed line).57 
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1.2.2.1.4.3 Adsorption heat transformation applications 

Traditionally, heat transformation systems are based around heating/refrigeration 

cycles utilising gas compressors.68 These systems employ substances like 

hydrofluorocarbons, which are harmful for the environment due to their very potent 

greenhouse effect and catalysis of ozone decomposition.69 Adsorption heat 

transformation (AHT) systems, both heat pumps and refrigerators, have been proposed 

as an environmentally friendly alternative to traditional compression systems.70 Besides 

avoiding the use of potentially harmful chemicals and utilizing water in their stead, AHTs 

only require moderate temperature swings for regeneration, which can be provided 

through solar collectors or recycled waste heat. 

In order to have an efficient AHT, there are several conditions in the adsorption profile 

of the porous material employed that need to be fulfilled. First, the water adsorption 

should occur in a RH between 5 % and 35 %. Second, the total water adsorption capacity 

must be higher than 0.2 g/g. Third, the regeneration temperature cannot be higher than 

120 ºC. Forth, the water uptake profile should be as steep as possible. Finally, the 

material must be stable to water sorption-desorption cycles.71 MOFs are therefore highly 

valid candidates for such applications since they can fulfil all the above mentioned 

conditions. 

In 2016, Aristov et al. reported the AHT performance of a titanium-based MOF named 

NH2-MIL-125.72 This MOF was able to exchange 0.39 gH2O/g under typical adsorptive 

chilling cycle conditions, which is almost double the minimum requirements and 

exceeded the uptake variation of other traditional and new adsorbents (i.e. 0.11-0.16 

gH2O/g for silica or 0.20-0.25 gH2O/g for SAPO-35). NH2-MIL-125 could be regenerated at 

348 K allowing the use of low-temperature heat sources (Figure 1.12). Based on the 

results obtained, the coefficient of performance (that is to say its efficiency) and specific 

power of the water adsorption cycle of NH2-MIL-125 were assessed to be 0.77–0.80 and 

3.2 kW/kg, respectively, making it one of the most energy efficient materials reported 

to date for AHT applications. 
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1.2.2.1.5 Molecular sieving and purification 

Purification of chemical mixtures, especially volatile hydrocarbon mixtures, is a billion-

dollar industry in continuous development. MOFs are attractive microporous substrates 

that allow for precise control of their pores geometry and chemical environment. This 

versatility makes them particularly suited for gas separation and/or purification 

applications.6,73 

MOFs with open metal sites are especially useful for the purification gas flows 

contaminated with electron-rich, usually odour-generating, molecules like alkenes or 

alkynes;2674 phosphines;75 amines;38 alcohols;76 and sulphur-containing chemical 

species.77 One example of MOF applied on this field,  tested in breakthrough trials, was 

the removal of tetrahydrothiophene (THT) from natural gas. By utilizing an 

electrochemically prepared fixed bed reactor made depositing a Copper-based MOF 

onto copper sheets, Mueller et al. reduced the trace amounts of THT of a natural gas 

stream from 10-15 ppm to less than 1 ppm at room temperature.78 The capacity of this 

MOF, 70 g THT/LMOF, outperformed commercially available activated carbon adsorbent 

materials by an order of magnitude. 

The difference between gas separation and purification is the ratio between the 

concentrations of the components in the mixture that has to be processed. In 

separation, all components have a concentration roughly in the same order of 

 

Figure 1.12 a) Isobaric measurements of water adsorption (solid) and desorption (open) of 

NH2-MIL-125 at vapour pressure P = 0.7 (1), 1.2 (2), 2.4 (3), 3.7 (4) and 5.6 (5) kPa. b) Water 

adsorption kinetics at T = 303 K, P = 1.24 kPa (blue) and desorption at T = 353 K, P = 4.26 kPa 

(black).72 
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magnitude. Gas separation usually employs distillation and/or pressure swing 

adsorption-desorption. Recently, Long et al. presented the use of a different-metal MOF-

74 materials to separate a gas mixture of 1-butene, cis-2-butene and trans-2-butene.79 

The separation of 1-butene from its 2-butene isomers is a process of great industrial 

importance.80 1-butene is utilized in plasticizers, antioxidants, corrosion inhibitors, 

herbicides and as additives used in hydraulic and lubricating oils, whereas 2-butene 

isomers are mainly utilized in the production of gasoline and butadiene. Long 

demonstrated that cobalt and nickel-based MOF-74 named Co2(dobdc) and Ni2(m-

dobdc), respectively, selectively separated 1-butene from its 2-butene isomers (Figure 

1.13), making MOF-74 gas separation an attractive alternative to conventional cryogenic 

distillation, which is very energetically demanding. 

 

1.2.2.2 Catalysis 

Catalysis develops a crucial role in nine-out-of-ten chemical reactions that are used in 

the chemical industry,81 and is without a doubt a cornerstone of modern chemical 

processes. The global catalyst market was estimated to be 25000 million dollars in 2018, 

and it is expected to grow at a compound annual growth rate of 4.5% by 2025.82 For this 

reason, catalysis is a field of tremendous research activity and interest since its 

conception. The quest for recyclable and easily recoverable catalysts has fuelled 

extensive periods of scientific research, being the discovery of durable, fully recyclable 

heterogeneous catalysts one of the principal pursued objective for both economic and 

environmental reasons. To date, the most common material utilized in heterogeneous 

catalysis is zeolites, thanks to their good porosity and inexpensive price. Alternative 

porous heterogeneous catalyst materials like MOFs do not necessarily look to replace 

 

Figure 1.13 a) View through the crystallographic ab plane of the structure of Co2(dobdc) 

with1-butene coordinated inside the pores. b) Vapour phase breakthrough at 328 K of an 

equimolar mixture feed of 1-butene, cis-2-butene and trans-2-butene for Ni2(m-dobdc).79 
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zeolites but, instead, to fill the gaps never achieved by such aluminosilicate materials. 

An example of application better suited for MOFs are heterogeneous enantioselective 

catalysis.83 In this context, the capacity to insert functional groups into well-defined 

regular channels/pore cavities and the presence of active catalytic sites in their ligands 

and metal nodes make MOFs excellent candidates to be new heterogeneous catalysts.  

There are three distinct approaches in the design and synthesis of new catalytically-

active MOFs. The first one is to take advantage of the unsaturated metal sites present in 

several MOF structures as potential catalytic centres, usually as Lewis acid catalysts. 

Reactions that require this kind of catalysts include cycloadditions, acetylation of 

aldehydes and oxidations, among others. A good example of a MOF utilized as a Lewis 

catalyst for cyanosilylation reactions is the exploitation of Cr(III) centres present in MIL-

101(Cr).36 As this field has progressed over the years, new methodologies to expose 

unsaturated metal sites in MOF structures have been developed, such as the intentional 

induction of defects to unveil new catalytic sites. A beautiful example of this approach is 

the work reported by Jiang et al. in 2015, in which mono-coordinating trifluoroacetic 

acid molecules were used to partially remove organic linkers on an Aluminium-based 

MOF named USTC-253. This process generated open metal sites that were then used for 

the catalytic cycloaddition of CO2 and epoxides (Figure 1.14 ).84 

 

 

Figure 1.14 a) Structure of USTC‐253 and the ligand involved in its structure. b) Proposed 

catalytic mechanism for the CO2 cycloaddition of epoxide over USTC‐253. c) Catalytic 

conversion of CO2 cycloaddition with propylene oxide over different catalysts.84 
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The second approach is to utilize the linkers in the framework to incorporate catalytic 

moieties, either by directly using catalytically active linkers to form the MOF (i.e. 

porphyrins) or by post-synthetic anchoring catalytically active groups in the linkers. An 

exemplary work using this approach was carried by Hupp et al.85 In it, a zinc-based MOF 

connected through chiral (salen) manganese complexes showed to efficiently catalyse 

epoxidation reaction (Figure 1.15).  This MOF catalysed this reaction at a rate barely 

slower than the free homogeneous catalyst but incorporating the benefits of recovery, 

size discrimination and avoidance of catalyst deactivation due to self-quenching. 

Another good example was recently reported by Bo Wang and Rui Cao.86 These authors 

showed that the synthesis of a cobalt-based MOF named KLASCC-1 with pore-facing 

pyridyl groups mimicking enzyme cavities catalysed the orthoformate hydrolysis in basic 

solutions. In this study, they demonstrated the pH dependence of the hydrolysis as well 

as the regulatory activity of the MOF channels that exerted size selectivity of the 

products. 

 

1.2.2.3 Environmental remediation 

The pouring of hazardous and toxic chemical species into the environment is a 

worldwide concern that’s gathering increasingly more attention in the recent years.87 

Many of these harmful chemicals are released to the environment due to industrial 

 

Figure 1.15 a) Crystal structure of the MOF constructed using catalytically active salen MN 

complexes. b) Plot of the total turnover number versus time for epoxidation of 2,2- dimethyl-

2H-chromene catalysed by this MOF (blue) in comparison to the free salen complex 

(magenta).85 
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activity, combustion of natural gas, poor waste management, agricultural activities or 

natural disasters.88 Therefore, there is a big incentive to research new and novel 

alternatives to treat and prevent the damage of pollution through environmental 

remediation. Unfortunately, this is not an easy challenge to topple. Several methods 

have been proposed for environmental remediation, and none are without some 

drawbacks. Flocculation using suspended solids (i.e. polyacrylamide, pectin or alumina)89 

and coagulation90 have been used for many years as an effective treatment method. 

However, they both struggle in the removal of pollutants at low concentrations and are 

a source of secondary contamination in the form of toxic sludge.91,92 Other commonly 

employed remediation techniques, like filtration and reverse osmosis, require periodic 

maintenance due to clogging of the filters,93,94 adding treatment costs.95 For this reason, 

cheaper, more effective and sustainable treatment methods have been researched. 

Among the proposed solutions, adsorption using porous materials promises to be a 

cheap, simple and effective method for environmental remediation. 

Numerous studies have been performed the past decades using porous materials for 

environmental remediation, with MOFs emerging as outstanding candidates for the 

effective removal of these harmful chemicals. Thanks to the chemical tunability of MOFs, 

they can effectively capture a wide spectrum of pollutants. Among some of the 

hazardous molecules removed by MOFs, we can find gasses such as nitrogen, carbon and 

sulphide oxides;96 volatile organic compounds like benzenes,97 xylenes98 and 

cyclohexane;99 halogenated carbon compounds like dichloromethane100 and 

tetrafluoromethane;101 nitrogen containing compounds like pyridine,102 amines38 and 

imidazole;103 chemical weapons agents like sarin and mustard gas;104 

pharmaceutics,105,106 pesticides,107 personal care products,106 drugs108 and heavy metal 

pollutants,109 among many other contaminants. 

An example of pollutant removal taking advantage of MOFs tunability was reported by 

Jhung et al. in 2017.110 The authors presented the adsorption of different a types of 

nitroimidazole antibiotics, such as dimetridazole, metronidazole and menidazole, using 

the chromium-based MOF MIL-101(Cr) and its modified frameworks grafted with urea 

or melamine. Urea-MIL-101(Cr) showed the highest adsorption capacity (uptake of 185 

mgmetronidazole/gMOF) for metronidazole compared with any reported result in the 

bibliography. In addition, these MOFs showed good recyclability by rinsing them with 

acetone allowing MIL-101(Cr) and its urea and melamine grafted relatives to be reused 

for several cycles. 
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1.3 MOFs composite materials 
Despite the high tunability and potential functionalization of MOFs, some combination 

of properties to satisfy specific applications can be extremely challenging to meet with 

just the pristine MOF material. In order to introduce new functionalities or enhance 

existing ones, a common approach is the combination of different materials into a single 

entity; that is, the synthesis of composite materials. By combining two materials with 

different properties, one can mitigate the shortcomings or augment the merits of both 

singular components. 

MOF composites are materials composed of a porous matrix usually made of a MOF and 

one or more guest materials (including other MOFs) that show properties significantly 

different from those of the matrix material. The high porosity, together with an ordered 

crystalline structure that can be chemically modified, gives MOF-based composites an 

edge over other porous matrix composites, such as silica or activated carbons. By 

combining the pore surface area and functionalization with the unique chemical, optical, 

electrical, magnetic and catalytic properties of other functional materials, one can design 

MOF-based composites with the required properties to fit any need for a specific 

application. To date, MOF-based composites have been synthetized with myriad 

functional materials, including polyoxometalates,111 graphene112, carbon nanotubes,113 

enzimes114 and especially, inorganic nanoparticles.115 A brief summary of the synthesis 

of such composites, classified according to their secondary functional material and their 

applications is provided below. 

1.3.1 Composites made of polyoxometalates and MOFs 
Polyoxometalates (POMs) are a class of inorganic compounds formed of metal–oxygen 

clusters, and present a wide variety of compositions and shapes.116 They have found 

most success in the field of catalysis; particularly, in acid and oxidation reactions.117 

Unfortunately, POMs tend to display low stability under catalytic reaction conditions 

mainly due to aggregation an deactivation of the active sites.118 Immobilizing POMs in 

porous substrates is a promising approach to stabilize and optimize their catalytic 

activity. Compared to the traditional porous materials for POM encapsulation, such as 

activated carbon, silica and polymer resins, MOFs offer the highest POM loading 

capacity, making them a well suited substrate for POM immobilization.118 

POMs can be encapsulated within the pores of MOFs through host–guest interactions, 

where no covalent bonds are shared between the two components.119 There are two 

distinct pathways for the synthesis of POM@MOF composites. The first one is the direct 
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impregnation of pre-formed MOFs with POMs.120 Unfortunately, this approach offers 

relatively low loading capacities and, since the utilized POMs must be smaller than the 

MOFs pore-windows for successful impregnation, composites synthetized in this way 

display POM leaching problems during their utilization in catalytic reactions.121 In the 

second synthetic approach, POMs act as non-coordinating templates for the growth of 

MOFs around them (Figure 1.16). This one-pot synthetic approach allows the 

encapsulation of POMs larger than their MOFs host matrix windows effectively 

immobilizing them and avoiding the leaching problem.122,123 

 

Despite their common utilization, the exact mechanism of POM template effect in MOF 

growth is poorly understood. A good understanding of this mechanism was necessary 

for the rational design and synthesis of new POM@MOF composites. In this context, 

Bajpe and Kirchhop et al. sought to unravel the details of the mechanism.124 In their 

work, they studied the self-assembly of HKUST-1 around an acid-moiety containing POM. 

The authors discovered that, during HKUST-1 formation, the copper ions involved in the 

MOF synthesis first coordinated with the acid groups of the POMs. Afterwards, the 

metal-POM complexes with fixed geometry linked with benzenetricarboxylate ligands to 

form the POM@HKUST-1 composite. This template mechanism was corroborated a year 

 

Figure 1.16 Schematic representation of the templating growth of MOFs around POMs by 

simple one-pot mixture of precursors. The MOF unit cells grow directed by the POM 

geometry. a) POM, b) MOF ligand, c) MOF SBU and d) encapsulated POM within the MOF 

pore.123 

https://pubs.rsc.org/image/article/2014/cs/c3cs60472a/c3cs60472a-f25_hi-res.gif
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later by Gascón et al., reaching the same mechanistic conclusions in the growth of the 

amino-functionalized MIL-101(Al) MOF.125 

1.3.2 Composites made of graphene/carbon nanotubes and MOFs 
Graphene and carbon nanotubes (CNTs) are types of carbon allotropes. They are both 

composed of hybridized sp2 carbons arranged in hexagonal units. In the case of 

graphene, the carbons form a 2D sheet while, in the case of CNTs, this sheet is rolled 

upon itself forming a tubular structure. Both graphene and CNTs share similar high 

electrical conductivity, optical properties, chemical reactivity and mechanical 

strength.126 Historically, MOFs have been precluded of many electrochemical 

applications due to their poor electrical conductivity,.127 Nonetheless, when combined 

with highly conductive materials like graphene and CNTs, their electrical properties can 

be noticeably improved.128 Furthermore, the mechanical strength of such 

graphene/CNTs@MOF composites is superior to the respective pristine materials.129 For 

these reasons, graphene- and CNTs-based MOF composites have gathered attention in 

the last years in their utilization as sensors,130 electrocatalysts131 and in the energy 

storage field, where they have been proposed as high-performance supercapacitors.132  

Graphene/CNTs@MOF composites are usually synthetized through direct one-pot 

synthesis. In this approach, the carbon-materials are dispersed in the solution containing 

the MOF precursors followed by the solvothermal reaction carried out under the same 

conditions as the pristine MOF synthesis.133 Nonetheless, this approach offers no control 

over the final morphology of the resulting composite and, in the case of membrane 

formation, it can be extremely challenging to synthetize dense, defect-free membranes 

via one-pot synthesis.134 For this reason, a more controlled stepwise synthesis may be 

desired.  

Seeded growth, also known as secondary growth, is a more suitable procedure for the 

synthesis of graphene/CNTs@MOF composites with better control of the final 

morphology. In this procedure, MOF nanocrystals are synthetized and deposited on top 

of the graphene/CNTs as seeds. This deposition can be made employing different 

techniques such as dip coating, spin coating, solvent evaporation or mechanical 

rubbing.135 Afterwards, the seed-coated carbon materials undergo a regular 

solvothermal synthesis similar to the one-pot approach. During the reaction, the 

anchored seeds promote a more controlled MOF growth producing dense, defect-free 

coatings of the graphene and CNTs. 
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1.3.3 Composites made of enzymes and MOFs 
Enzymes are natural catalysts that feature very high reactivity, specificity and selectivity. 

Unfortunately, their low stability, challenging recovery and performance degradation 

have limited their use in industrial applications.136 Immobilization of enzymes on a 

porous support can improve their operational stability and facilitate their recovery.137 

Traditionally, silica has been the most common substrate for enzyme immobilization. 

However, the weak interactions between enzymes and silica often result in leaching of 

the biomolecule during operational conditions.138,139 Contrariwise, thanks to the 

tunability and chemical functionalization of their pore walls, MOFs are very attractive 

candidates as substrates for enzyme immobilization. Regrettably, the majority of MOFs 

present micropores, which make them unsuitable to host the majority of enzymes within 

their framework, limiting the biomolecule immobilization to surface attachment.140–142 

Nonetheless, recent developments in mesoporous MOFs have provided opportunities 

for successful encapsulation of enzymes inside MOF pores.143,144 

Traditionally, enzymes@MOF composites are prepared through impregnation into pre-

formed MOFs.145 The interactions between the enzymes and the MOF substrate can be 

confirmed thanks to the red-shifting of the characteristic peaks in the enzymes UV-Vis 

spectra.146 In 2011, Ma and Ming et al. utilized a terbium-based mesoporous MOF named 

Tb16(TATB)16 to immobilize the enzyme MP-11.147 In their work, they synthetized the 

enzyme@MOF composite by impregnating Tb16(TATB)16 with an aqueous MP-11 solution 

for 50 hours. For comparison purposes, the authors also synthetized a MP-

11@mesoporous silica composite. These authors demonstrated that the MOF 

composite had more than twice the activity of the mesoporous composite. Moreover, 

the severe leaching of MP-11 in the mesoporous silica composite resulted in even lower 

activity after reaction for 25 hours, whereas the MOF composite retained their activity 

and could even be recycled, proving the strong interaction between MOF and enzyme. 

The majority of reported enzyme@MOF composites have been prepared through 

surface anchoring or impregnation, but some encapsulations of enzymes by in-situ 

formation of MOF crystals have also been successfully reported.148–150 This approach, 

also known as co-precipitation or biomimetic mineralization,151 is a self-assembly 

process in which biomolecules in aqueous solution bind to the MOF precursor metal ions 

or ligands. This binding causes the enzymes to form nano-scale aggregates that promote 

the nucleation of MOF crystal formation. The MOF crystals then grow forming a 

protective shell around the enzymes (Figure 1.17).152 Unfortunately, this approach is 

limited to MOFs synthesizable in aqueous media under very mild conditions since 
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extreme pH, most transition metal ions and the majority of the commonly high-polarity 

solvents (i.e. dimethyl sulfoxide, dimethyl formamide and methanol) utilized in MOF 

synthesis tend to denaturalize enzymes.152 

 

1.3.4 Composites made of inorganic nanoparticles and MOFs 

We can consider as inorganic nanoparticles (INPs) all non-carbon based particulates with 

a size smaller than 100 nm.  They can be broadly classified according to their composition 

into three groups: ceramic, semiconductor and metallic INPs. Ceramic nanoparticles are 

made of carbonates, phosphates and oxides of transition metals and semimetals like 

silicon, titanium and iron. They present outstanding thermal resistance and chemical 

resistance and, thanks to these properties, they have found use in the field of 

photocatalysis,153 photodegradation154 and, in biomedicine, as drug delivery systems and 

contrast agents.155 Semiconductor nanoparticles are most commonly composed of 

chalcogenide materials. Their most remarkable property is their tunable energy band-

gaps, which makes them particularly useful in applications were precise control of 

energy levels is required, such as photo-optics, electrocatalysis156 and especially water 

splitting.157 Finally, metallic nanoparticles are composed of the metallic elements of the 

periodic table and, due to their nanoscopic size, present a different electric field 

behavior than the bulk material. Indeed, unlike macroscopic metals that have a 

delocalized electron field, metal NPs have discrete energy levels. When the surface of 

INPs interacts with electromagnetic radiation with a wavelength greater than the size of 

the nanoparticle, the incident electromagnetic radiation can collectively excite the 

electrons of the discrete energy bands of the metal NPs, resulting in coherent 

 

Figure 1.17 Scheme representing the synthesis of enzyme@MOF composites through the 

biomimetic mineralization method.151  
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localization of plasmon oscillations with a resonant frequency.158 This phenomena is 

called Localized Surface Plasmon Resonance (LSPR) (Figure 1.18), and it is strongly 

dependent on the NPs environment, geometry and composition.159 The unique photo-

electrical properties of metal INPs can be exploited in myriad applications such as 

sensors,160 biomedicine,161 and catalysis.162,163 

 

 

Despite their numerous virtues, INPs face several challenges on their successful 

utilization. Their high surface-to-volume ratio bestow them with a large number of 

available active sites per mass of material used, making them an ideal material for use 

in applications like catalysis. Unfortunately, this high density of active sites comes at the 

expense of high surface energy, which means INPs are usually thermodynamically 

unstable and prone to aggregation when freely dispersed in a reaction media. 

Aggregation of nanoparticles is usually an irreversible process that seriously affects the 

activity of the material. Consequently, many efforts have been dedicated to the 

avoidance of this phenomena. 

One solution to the aggregation problem is to stabilize them with organic capping 

agents. This simple approach is successful in the stabilization of INPs, but inherently 

contaminates the surface of the NPs by the chemical bonding of the capping agent onto 

the surface of the INPs reducing their activity.164 An alternative is to utilize non-binding 

steric molecules like polyvinylpyrrolidone, but their stabilization tends to be inferior and 

are prone to labile substitution in the presence of chemically-binding agents.165 A 

solution to the stabilization of INPs without compromising their activity is their 

immobilization onto high surface area substrates. Several materials have been 

successfully utilized as supports for INPs, like activated carbon,166,167 graphene,168–170 

metal oxides,171,172 zeolites,173–175 mesoporous silica176–178 or MOFs.179–181 MOF-based 

composites are particularly attractive thanks to their versatility. Nonetheless, the design 

 

Figure 1.18 Schematic representation of the LSRP phenomena.159 
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and synthesis of INPs@MOF composites is not a straightforward process and presents 

major challenges, which have been an object of study in the scientific community the 

last years. 

There are several synthetic pathways for the production of INPs@MOF composites. 

Among them, the most common methods are infiltration, encapsulation, 

pseudomorphic replication and aggregation.  

In infiltration (Figure 1.19a), the precursors of INPs are introduced into already pre-

formed MOFs either via vapour diffusion or liquid impregnation.182 The formation of INPs 

is then triggered within the MOF pores by applying heat,183,184 reducing agents185,186 or 

electromagnetic radiation.187 In this synthetic pathway, the pores of MOFs are utilized 

as nanoscopic confinement reactors, and generate in situ the functional materials. 

Usually this approach is utilized to synthetize metallic INPs, but it has also been utilized 

to synthetize ceramic and polymer nanoparticles that would otherwise be impossible to 

produce at the size range of MOFs pores.188–190 As expected, INPs synthetized through 

impregnation tend to be very small and homogeneously dispersed throughout the 

material, which makes them ideal for catalysis applications.191  

Encapsulation (Figure 1.19b) is the most utilized synthetic pathway for the preparation 

of INPs@MOF composites, owed to the fact that MOF synthesis conditions are usually 

mild enough so as to not affect the structural integrity and functionality of INPs. In this 

approach, the composites are formed through a one-pot approach with pre-formed INPs 

dispersed throughout the reaction media, the formation of MOF crystals around the INPs 

causes the encapsulation.192 Generally, this approach results in composites with several 

INPs homogeneously inmobilized throughout the MOF. Interestingly, by carefully 

controlling the reaction conditions, the nucleation of MOFs can be forced to occur 

around the dispersed INPs, producing composites with hierarchical relations between 

the materials such as core-shell, bell, Janus or dimer composites.193 

 Pseudomorphic replication is an emerging synthetic pathway that utilizes core-shell 

INPs where the core is the “active” material and the shell provides the building materials 

for the MOFs inorganic nodes (Figure 1.19c).194 This approach offers greater control over 

the final morphology of INPs@MOF composites compared to the traditional 

encapsulation synthesis.195  

Finally, when there is compatibility, pre-formed MOFs and INPs can be simply combined 

to form stable, irreversible aggregates of the two components (Figure 1.19d).196 
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1.3.5 Applications of MOF-based Composites 
As discussed in section 1.2.2, MOFs have showcased their usefulness in many 

applications. In these applications, MOF-based composites offer the same tailorability 

than the pristine materials, but with expanded functionalities. This versatility allows the 

design of materials with the combination of properties required to perfectly fit any 

application. In this section, an overview of some of the successful utilizations of MOF-

based composites is provided.  

1.3.5.1 Gas sorption 

In 2014 Li et al. demonstrated the potential of MOF composites for hydrogen sorption 

applications with their study using Pd@HKUST-1 nanocomposite crystals.197 In that work, 

Li demonstrated enhanced hydrogen storage (double the amount adsorbed by just the 

palladium nanoparticles) and faster adsorption kinetics when using the composite 

 

Figure 1.19 Some of the distinct synthetic pathways for the preparation of INPs@MOF 

composites: (a) infiltration in preformed MOFs; (b) in-situ assembly of MOFs encapsulating 

dispersed INPs; (c) pseudomorphic replication converting a ceramic shell of a core-shell 

nanoparticle into a MOF; and (d) independent preparation of MOFs and INPs and subsequent 

combination.196 
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material. It is also important to note that the low water stability usually attributed to 

HKUST-1 would not be much of a drawback in their use in hydrogen storage for use as a 

combustible. This is because the presence of water molecules reduces combustion 

efficiency, and dehumidification systems are already employed in a hydrogen 

combustion cell. Related to combustible cells, Anbia et al. reported the enhanced 

methane uptake of MIL-53-Cu doped with multi-walled CNTs of 307 cm3
(STP)/g, which 

represented a 60% increase over the parent material.198 

In 2017, Maspoch and Imaz et al. reported a salt in porous matrix composite material 

based on the zirconium-based MOF UiO-66 and the hygroscopic salt CaCl2 for AHT 

applications, named CaCl2@UiO-66.199 The entrapped salt inside the porous framework 

significantly boosted the water sorption capacity of the material, (Figure 1.20) whereas 

the framework itself prevented the dissolution of the entrapped CaCl2 due to the 

adsorbed water, a process known as the deliquescence effect. CaCl2@UiO-66 presented 

a coefficient of performance of 0.83 and a specific cooling power of 631 W/Kg, a 

performance comparable among the best reported adsorptive materials reported to 

that date, with the added benefit of being much cheaper per unit of mass than many 

competitors. The economic price of these composites was thanks to the spray-drying 

method employed for its synthesis, and that 53 % w/w of the total mass of the composite 

was the inexpensive CaCl2 salt. Furthermore, the avoidance of CaCl2 deliquescence when 

combined with UiO-66 meant that the composite could be reused for several cycles with 

no apparent loss in performance. 

 

 

Figure 1.20 a) Water adsorption isotherms of UiO‐66 (red), CaCl2@UiO‐66_38 (blue), and 

CaCl2 (green). Insert shows water adsorption isotherm of CaCl2@UiO‐66_38 at low relative 

humidity. b) Water adsorption and desorption cycles for CaCl2@UiO‐66.199 
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1.3.5.2 Catalysis 

MOFs have already demonstrated to be good heterogeneous catalysts by themselves. 

Nonetheless, their catalytic activity can be further enhanced through the encapsulation 

of catalytically active materials like INPs181 and POMs;200 In this case, using MOFs as host 

matrices to support the secondary materials. Furthermore, the integration of nano-sized 

catalysts onto MOFs has been proven to have positive side effects, like the enhanced 

chemisorption of reagents through interactions with the support material, promoting 

catalytic activity.201 Moreover, thanks to the physicochemical properties of MOFs, the 

overall reactivity of the composite catalyst can be tuned. For example, by exploiting the 

diffusion of reagents through the MOF pores, one can effectively create size-exclusion 

reactivity.202 For these reasons, supporting nano-catalysts onto MOFs has become an 

increasingly attractive field of study in recent years. 

There are many examples of MOF-based composites for catalysis applications in the 

literature. For instance, in 2014, Tang et al. synthetized uniform nanostructures where 

Pd INPs cores were surrounded by an amino-functionalized IRMOF-3 shell.203 When used 

as catalysts, Pd@IRMOF-3 nanocomposites exhibited high activity, selectivity and 

stability in the catalysis of cascade reactions of Knoevenagel condensations coupled with 

selective hydrogenation reactions (Figure 1.21). Another good example is the recent 

work published by Espallargas and Oña-Burgos et al., in which the in-situ generation of 

aniline is utilized to transform a bimetallic MOF composed of iron and palladium, named 

PdFe-MOF, into a homogeneous INP@MOF composite.204 The authors demonstrated the 

performance and reusability of the obtained heterocatalyst in the hydrogenation of 

nitroarenes and nitrobenzene coupling with benzaldehyde. During the reaction, aniline 

triggers the controlled degradation of the MOF, forming iron-doped palladium INPs with 

a size smaller than the one obtainable through conventional synthetic means. 

Furthermore, thanks to the PdFe-INPs, the composite could be magnetically recovered 

from the reaction media for its reuse. 
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In 2018, Li et al. presented a POM@MOF composite for the oxidative desulfurization of 

pollutants in fuel, named P12@UiO-67. This composite combined a Keggin-type POM 

with the zirconium-based MOF-67 (Figure 1.22).205 This MOF was selected because its 

pore sizes (∅ ∼ 12 Å) perfectly matched the size of the Keggin POM, avoiding its leaching 

after encapsulation. In their work, the authors demonstrated the effectivity of the 

composite, which was able to oxidize 99.5% of the pollutant dibenzothiophene in model 

oil under mild conditions (70 °C) and in one hour. Furthermore, the authors 

demonstrated the high stability of P12@UiO-67 to temperature and many common 

solvents, including water, and performed several regeneration cycles without loss of 

catalytic activity. 

 

Figure 1.21 a) Scheme of the synthesis for the core−shell Pd@ IRMOF-3 composite. b) Model 

cascade reactions involving Knoevenagel condensation of A and malononitrile via the IRMOF-

3 shell and subsequent selective hydrogenation of intermediate product B to C via the PdNPs 

Cores. 203 
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1.3.5.3 Environmental remediation 

MOF-based composites offer new and enhanced properties compared to pristine MOFs 

that are particularly attractive in environmental remediation. For example, in 2015, Wu 

et al. demonstrated that noble metal INPs encapsulated in MIL-100(Fe) exhibited 

enhanced photocatalytic degradation of methyl orange and reduction of Cr(VI) ions 

under visible-light irradiation (λ ≥ 420 nm) compared with pristine MIL-100(Fe).195 In this 

study, Wu’s group demonstrated that the cause for the enhanced activity was that the 

encapsulated INPs improved the charge separation efficiency of MIL-100(Fe) under 

visible-light irradiation. In another work published in 2017, Yuezhong Xian et al. 

demonstrated the synergistic relation between INPs and MOFs. The authors reported on 

a composite combining platinum INPs and amino-functionalized UiO-66, named 

PtNP@UiO-66-NH2, for the capture of Hg(II) ions.206 The platinum INPs acted both as 

adsorbents of Hg(II) ions and catalysts for the oxidation 3,3′,5,5′-tetramethylbenzidine 

in the presence of H2O2 (Figure 1.23). The adsorption of Hg(II) ions inhibited the oxidative 

activity of the INPs. Therefore, the composite could be utilized as a very selective 

colorimetric indicator for mercury with a detection limit of 0.35 nM. Thanks to the amino 

functionalization of the UiO-66 framework and the encapsulation of platinum INPs, the 

composite also acted as an effective mercury trap capturing over 99% of the mercury 

ions in water solution. 

 

Figure 1.22 Schematic representation of oxidative desulfurization reaction using PW12@UiO-

67 as catalyst.205 
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In 2015, Wang et al. showed the synthesis and performance of a composite material 

made from CNTs and the aluminium-based MIL-68(Al) MOF as an absorbent of phenols 

in water.207 The incorporation of different percentages of CNTs resulted in enhanced 

dispersability and smaller crystals of MIL-68(Al) in the composite, which increased both 

the BET surface area and total volume of small micorpores (<16 Å), leading to an 

improved performance in the removal of phenol from aqueous solution. In 

concentration ranges of phenol similar to industrial wastewaters, the adsorption 

capacity of this composite was improved up to 188.7% compared with the pristine MIL-

68(Al). Regeneration experiments demonstrated that the composites were stable for at 

least five cycles. In 2015, Davies et al. presented their work on the enhanced Hg(II) 

absorbance of a series of post-synthetically modified UiO-66-NH2 MOFs with thiourea, 

isothiocyanate and isocyanate functionalities.208 The newly functionalized framework, 

named UiO-66-NHC(S)NHMe, notably improved the metal removal efficiency up to 99% 

when compared with the measly 4% obtained with pristine UiO-66-NH2. The calculated 

maximum adsorption capacities of UiO-66-NHC(S)NHMe were 49, 117, 232 and 769 

mg/g for Cd(II), Cr(III), Pb(II) and Hg(II), respectively, showing good selectivity for 

mercury. Recently, Shirazian et al. published a work on a metal hydroxide@MOF 

composite, named LDH/MOF HNC, for the simultaneous capture of Cr(VI) ions and the 

organic dye Orange II.209 The authors presented a hierarchical trimodal micro-meso-

macroporous composite material synthetized through the uniform growth of a cobalt-

based MOF nanocrystals on the surface of nickel/cobalt hydroxide nanosheets. By fitting 

obtained experimental data to a Langmuir model, the authors calculated a maximum 

 

Figure 1.23 Measurement mechanism of the Hg(II) ions exploiting the oxidative activity of 

PtNP@UiO-66-NH2 and the inhibition effect of Hg(II).206 
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adsorption capacity of 1173 and 733 mg/g for the Orange II dye and Cr(VI) ions, 

respectively (Figure 1.24). 

 

1.3.5.4 Biomedical applications 

The utilization of MOF and MOF-based composites in biomedical applications has 

become a hot topic of research in recent years. Compared to traditional nanomaterials 

employed in medicine, MOFs and MOF-based composites have at their disposal a wide 

library of possible materials to fine tune the necessary properties for a specific task 

(Figure 1.25). In the new age of personalized medicine, the versatility of MOFs could 

provide nanopharmaceuticals that combine disease treatment and diagnostic for the 

effective battling of neurological and cancer malignancies.210 One of the great challenges 

in the treatment of cancers are the effective transport of drugs to the tumor tissue. Drug 

solubility in biologic media, penetration of the cell membrane, premature drug 

degradation and collateral toxicity on healthy tissues are some of the problems that the 

field of nanomedicine aims to solve. A proposed solution is to utilize high adsorption 

capacity nanocarriers with encapsulated drugs to both protect them from premature 

degradation and deliver them effectively to their intended target sites; therefore, 

minimizing required dosage of drugs and improving treatment effectivity.211–213 MOFs 

and MOF-based composites are a perfect fit for such applications as they fulfil all 

mentioned requirements, and many research works have already been presented 

demonstrating their effectivity.214–217 

 

Figure 1.24 Adsorption performance of the LDH/MOF HNC hierarchical composite with 

different models applied for: single (a), consecutive (b) and simultaneous (c) adsorption of 

Cr(VI) and OrangeII.209 
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Therefore, one of the most promising applications for MOFs and MOF-based composites 

in the field of biomedicine is that of smart, stimuli-responsive drug delivery vehicles. 

Having precise temporal and spatial control over cargo release greatly improves 

treatment effectivity and opens the door to multimodal synergetic treatments 

combining anticarcinogenic molecules with alternative treatments like hyperthermal or 

photodynamic therapies. 

An exemplary case of this multimodal stimuli-responsive MOF drug delivery system was 

presented in 2018 by Liu, Chen and Tang et al., where MOF ZIF-8 was grown around gold 

nanorods producing core-shell composites. This composite presented high doxorubicin 

loading capacities and could be employed for synergistic photothermal and 

chemotherapy treatment triggered by near-infrared light (Figure 1.26).218 The synergistic 

chemo-photothermal therapy was demonstrated both in vitro against 4T1 cells, and in 

vivo in tumor ablation via intravenous injection experiments with successful results. 

 

Figure 1.25 Schematic representation showcasing the different applications of MOFs and 

MOF-based composites in the field of biomedicine.222 
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In 2016, Kitagawa and Furukawa et al. presented one of the pioneering works on light-

responsive triggered release using MOF materials.219 In this work, the MOF UiO-67-bpy 

was embedded with the manganese complex MnBr(bpydc)(CO)3 resulting in a light-

responsive carrier of CO, an important cell signalling mediator with anti-inflammatory, 

anti-apoptotic, and anti-proliferative properties. The authors achieved precise control of 

CO release by exposing the MOF to visible light. Furthermore, they were able to integrate 

the MOF crystals into a polymer matrix to monitor the effective cell uptake of the 

released CO utilizing a fluorescent probe. A year later, Lan and Gu et al. presented an 

intelligent magnetic MOF nanocomposite for the pH-responsive release of 

glycoproteins.220 In their work, Fe3O4 functionalized nanoparticles were encapsulated 

inside an iron-based MOF that utilized 1,4-phenylenebisboronic acid both as a ligand for 

the framework and as a functional molecule for the capture and release of glycoproteins 

(Figure 1.27). This capture and release was triggered by mild pH swings between 7 and 

9. The reported composite can be of great utility in glycoprotein separation. 

 

Figure 1.26 a) Temperature increase of AuNR@ZIF-8 core–shell composites in PBS solution 

under NIR radiation. b) Doxorubicin release profiles from loaded AuNR@ZIF-8 composites at 

different pH values with and without NIR laser irradiation. c) Mortality assay of 4T1 cells with 

different treatment conditions.218 
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In 2020, Liu and Wu et al. presented an interesting work about light-responsive MOF 

composites. In their study, the authors described a composite material composed of the 

zinc-based ZIF-8 MOF with encapsulated humic acid named HuA@ZIF-8. The composite 

showed good photothermal response when exposed to NIR radiation triggering the 

release of Zn(II) ions.221 Thanks to the synergistic dual photothermal and zinc-release 

therapy, the composite displayed excellent antibacterial efficiency within short 

irradiation times (Figure 1.28). After just 20 minutes of NIR irradiation, the composite 

managed to eliminate 99.59 % and 99.37 % of a population of Staphylococcus aureus 

and Escherichia coli, respectively. 

 

Figure 1.27 Schematic representation of the Fe3O4@MOF core-shell composite (a) and 

glycoprotein separation mechanism (b).220 
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Figure 1.28 Antibacterial experiments with different concentrations of HuA@ZIF-8 against S. 

aureus (a) and E. coli (b) treated with and without 20 min NIR irradiation. Corresponding 

histograms for S. aureus (c) and E. coli (d) of the antibacterial experiment. 
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Chapter 1 introduced the origins of MOFs, their properties and advantages over 

traditional porous materials. This relatively new class of porous materials offers 

outstanding porosity and unprecedented potential in their chemical and structural 

tunability. These characteristics confer them with worldwide attention and have sparked 

intense academic study over the past decade. Even the functionalities that cannot be 

intrinsically expressed by MOFs themselves, can be supplied by the synthesis of MOF-

based composites in which the porosity of MOFs is combined with the desired properties 

of other materials. It is thanks to this virtually infinite catalogue of possible 

functionalities in these composites that lets them be fine tailored to fit any specific 

application where a porous material could be needed.  

Today, MOFs and related composites are starting to be applied into real life applications. 

Besides the classical uses of these materials in gas storage, separation and catalysis, the 

utilization of MOFs and composites in environmental and biomedical application has 

gained a lot of traction in the last years. The interest in exploring new materials to solve 

current technological problems in these fields is understandable if one takes into 

account the increased awareness of the general population to issues like climate change, 

air pollution, contamination of freshwater due to industrial and agrarian activity, 

pandemics and the rise of multi antibiotic-resistant bacteria. This new generation of 

porous materials and their composites can provide alternatives to traditional 

technological solutions by either improving in their performance, their specificity, or 

their overall economic viability. 

A general shortcoming of the studies published with MOFs and related composites is 

their tendency to focus on just one property or particular aspect involved in designing a 

MOF-based material with real-world application. For instance, most of the works on 

MOFs as materials for metal capture applications only study a single pollutant as a 

demonstration of their capabilities, or if they study several, they do so on setups and 

conditions that are far from the ones that the material would encounter in real-world 

utilization. This impartiality on the studies means that many of the conclusions achieved 

in most scientific works cannot be directly translated to real-world performance. 

Therefore, in order to design and optimize a potentially viable product based on those 

published works, follow-up work would be required to standardize results. With this in 

mind, the aim of this thesis is to develop a more complete approach to designing 

functional MOF-based materials for both environmental and biomedical applications: 

from their design, synthesis and study of their properties, to develop a final applied 

product. Taking this mind-set into consideration, the specific goals of this Thesis can be 
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divided in the objectives underlined below. 

 Take advantage of the unique properties offered by MOFs, compared to 

traditional porous materials such as zeolites or activated carbons, to improve on 

currently employed water remediation treatments. If MOFs by themselves 

cannot provide a significant enough improvement on existing solutions, explore 

their combination with other materials with desired properties into novel 

composite materials. To this end, the outstanding water-stable UiO-66 MOFs 

and their thiol functionalized coequals, UiO-66-(SH)2, are combined with CeO2 

and Fe3O4 nanoparticles. With the marriage of both materials, we aim to expand 

upon the metal capture capabilities of the bare MOFs and bestow them with 

new and enhanced functionalities. We will then fully characterize the 

synthetized products and evaluate their viability as functional active materials 

in water remediation.  

 

 With the gained knowledge on the capabilities of the synthetized composites in 

the previous objective, select the most adequate one from an economic point 

of view and integrate it into a product with potential commercial viability. In 

order to fulfil this objective, the material with the best cost-to-performance 

activity will be integrated into a porous polymer matrix. This matrix must 

encapsulate the MOF composite material without hampering its water 

remediation properties and, at the same time, avoid any leakage of the 

microscopic powders which could represent a health hazard. The designed 

product will undergo complete testing following international standards to 

evaluate its performance and integrated. Furthermore, this testing will be 

performed on the setup utilized by an already commercial device to prove the 

viability of a MOF-based adsorbent in real-world remediation applications. 

 

 We also aim to take advantage of the added functionalities of MOF-based 

composites for biomedical applications. The objective is to synthetize a stable 

porous framework with an extra functionality of triggered cargo release. We 

intend to encapsulate and release iodine, a very potent antimicrobial agent, in 

its gaseous form which, to the best of our knowledge, has never been 

attempted. To this end, by encapsulating nanoparticles with photothermal 

activity inside the iodophilic MOF UiO-66, we will gain spatial and temporal 

control on the release of the active agent. After study of the properties, we 

intend to integrate the developed composite inside a polymeric film to produce 
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an antibacterial coating that retains the triggered functionality. This film must 

allow the adsorption and release of iodine while retaining the photothermal 

response. To demonstrate the antibacterial activity of the films, experiments 

with gram-negative and gram-positive bacteria will be carried out to evaluate 

the enhanced effect of the triggered release. 
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MOF‐Beads containing inorganic nanoparticles for 

the simultaneous removal of multiple heavy metals 

from water 

 

Abstract 

In this chapter, a composite material synthetized through spray drying for water remediation 

applications is presented. This material, shaped in the form of microbeads, combines a MOF from 

the UiO-66 family and CeO2 INPs. Both materials are known for their capabilities for the removal 

of various heavy metals from water. The synthetized composite microbeads are tested to assess 

their adsorptive capabilities in several experiments including ones simulating real water samples 

from polluted rivers. Furthermore, the material is incorporated into a continuous-flow fixed bed 

filtration system prototype where breakthrough and regeneration experiments are performed. 

Finally, to prove the versatility of the synthetic method utilized for the formation of the beads an 

additional magnetic composite is developed by simultaneously incorporating CeO2 and Fe3O4 INPs 

into UiO-66-(SH)2. 

 

This Chapter is based on the following publication: 

Boix, G.; Troyano, J.; Garzón-Tovar, L.; Camur, C.; Bermejo, N.; Yazdi, A.; Piella, J; Bastús, N; Puntes, V.; Imaz, 

I.; Maspoch, D. MOF-Beads containing inorganic nanoparticles for the simultaneous removal of multiple 

heavy metals from water. ACS Appl. Mater. Interfaces 2020, 12, 9, 10554-10562
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3.1 Introduction 
Water contamination is one of the main causes of diseases worldwide.1–3 The rapid 

increase of industrial activity without the necessary environmental regulations, an issue 

particularly acute in developing countries, has often involved the contamination of 

water with soluble toxic metal-ion contaminants. These pollutants are especially harmful 

due to their delayed long-term effects due to the propensity to bio-accumulate in 

humans and animals.3,4 Exposure to heavy metals such as arsenic, cadmium, chromium, 

lead and mercury, even at parts per billion (ppb) levels, is a worrisome and harmful 

threat to human health.5,6 Consequently, in the recent decade, a lot of effort, have been 

devoted into the improvement and research of solutions for water remediation. Recent 

proposed strategies for wastewater remediation include coagulation, filtration and 

chemical precipitation. Nonetheless, these methods present two main disadvantages. 

Firstly, they usually require large facilities with complex instrumentation, which in turn 

translate to high maintenance costs. Secondly, they struggle in the removal of pollutants 

at low concentrations, which is particularly relevant in the case of heavy-metal pollution, 

and must often be supplemented with complementary treatment methods.  

Adsorption methods have raised as a promising approach in the treatment of 

contaminated water. Adsorption systems have been lauded for their cost efficiency, 

versatility, simplicity, and effectiveness.7–9 The traditional materials employed in this 

technology, like clay minerals, activated carbon, natural fibers and zeolites have been 

studied and utilized for their adsorptive removal of heavy metal ions. However, all these 

widely used materials suffer from drawbacks such as slow adsorption kinetics, poor 

thermal or chemical stability, limited regeneration capabilities and selectivity.10,11 

Importantly, an ideal property for an adsorption-based water purification material is its 

capacity to simultaneously remove co-existing pollutants. Accordingly, they should 

remove as much harmful heavy metal pollutants as possible.12 An interesting strategy to 

develop such broad-spectrum adsorbents is to combine different adsorbent materials, 

each with its singular functionality, into a single composite product with enhanced 

activity. 

MOFs, which are a class of materials that present a porous ordered structure with 

inherent large specific surface areas, have recently raised a huge interest for adsorption-

based applications, given their high adsorption capacity and structural/chemical 

tunability.13–18 An exemplary case is that of the water-stable, zirconium-based, UiO-66 

family of MOFs. The UiO materials can be functionalized both, at their inorganic nodes 
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or the organic linkers, with moieties that strongly bind heavy-metal ions. For instance, 

unmodified UiO-66 has been reported to remove Cr(VI) and As(V) from water, displaying 

adsorption capacities of 86 mg/g and 303 mg/g, respectively.10,19 Furthermore, when 

functionalized with thiourea groups, the UiO-66-CSN2H2 can adsorb various other metal 

ions, including Hg(II) (769 mg/g), As(V) (303 mg/g), Cr(III) (117 mg/g), Pb(II) (232 mg/g) 

and Cd(II) (49 mg/g).10,20 Similarly, the functionalization of UiO-66 with pending thiol 

groups enhances the uptake of Hg(II) (even in strongly acidic aqueous solutions and 

vapors)21 up to 236 mg/g and increases the adsorption of As(III) ions up to 40 mg/g.22  

Another class of material widely studied as adsorbents are inorganic nanoparticles INPs, 

which exhibit high specificity and activity towards heavy-metal pollutants.23,24 For 

instance, cerium oxide (CeO2) INPs exhibit an outstanding adsorption capacity for the 

following metal pollutants in water: As(V) (17 mg/g), Cd(II) (93 mg/g), Cr(VI) (122 mg/g) 

and Pb(II) (128 mg/g).25–27 Remarkably, some INPs can be easily retrieved from solution 

through magnetism, thus avoiding impractical alternatives such as filtering. However, a 

drawback of INPs is their tendency to aggregate, which significantly compromises their 

adsorption efficiency.  

A possible solution to avoid the INP-aggregation issue is to incorporate said INPs into the 

porous matrices of other materials.28 Among the potential porous material alternatives, 

MOFs outstand as an attractive partner for INPs, not only to prevent INP-aggregation 

and to facilitate their recovery after adsorption process, but also because MOFs also 

display remediation capabilities. To date, the majority of the published work on 

MOF/INP composites have been developed for catalysis.29 Nonetheless, within the field 

of pollutant removal, INPs have been combined with MOFs to yield MOF/INP composite 

adsorbents, in which MOFs have been used to add functionalities such as magnetism30,31 

or photocatalytic degradation capabilities.12,32,33  

In this chapter, we present the work on new composite microbeads (hereafter, 

INP@MOF-Beads) for the simultaneous removal of various heavy metals from water. 

These microbeads were synthetized by incorporating INPs into MOFs via a one-step 

spray-drying process (Figure 3.1a). The INPs utilized were CeO2, and the chosen MOFs 

were the water-stable Zr(IV)-based UiO-66 or UiO-66-(SH)2 MOFs. The resulting 

composite microbeads (CeO2@UiO-66 and CeO2@UiO-66-(SH)2) were tested for 

purification of synthetic river-water samples prepared as mimics of two polluted rivers: 

The Bone (Indonesia) and Buriganga (Bangladesh); and of a real field sample from the 

Sarno river (Italy). Furthermore, we evaluated our INP@MOF-Beads as a proof-of-
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concept packing material in a fixed-bed, continuous-adsorption column. Finally, to 

demonstrate the versatility and ease of synthesis of the spray-drying methodology, we 

developed magnetic CeO2/Fe3O4@UiO-66-(SH)2 microbeads by simultaneously 

incorporating CeO2 and Fe3O4 NPs into UiO-66-(SH)2. 

3.2 Results and discussion 

3.2.1 Synthesis and characterization 

The pristine MOFs microbeads of UiO-66 and its thiol-functionalized derivative UiO-66-

(SH)2, together with their corresponding CeO2@UiO-66 and CeO2@UiO-66-(SH)2 

composites, were synthesized through the continuous-flow spray-drying methodology. 

This powerful technique has already been reported in some of the work published by 

our group.34,35 In a typical synthesis, a dispersion containing the corresponding MOF 

precursors and CeO2 INPs (when synthetizing the composites) were injected into a coil-

flow reactor and subsequently spray-dried, leading to the formation of micrometer-sized 

beads in the form of dry powders (Figure 3.1a).  

 

FE-SEM imaging of all four samples revealed the formation of spherical beads (average 

size: 1.5 µm ± 1.0 µm) composed of nanocrystals of the respective UiO-66 and UiO-66-

(SH)2 (Figure 3.1b). X-ray powder diffraction (XRPD) on the beads displayed the 

diffraction peaks representative of the UiO-66-type framework (Figure 3.2a). Moreover, 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

 

Figure 3.1 a) Simplified scheme of the continuous-flow spray-drying synthesis of MOF 

microbeads and INP@MOF-Beads composites. b) Schematic (top), FE-SEM images (medium) 

and HAADF-STEM images (bottom) of the synthetized MOF and INP@MOF microbeads. 
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on both CeO2@UiO-66 and CeO2@UiO-66-(SH)2 composites confirmed the encapsulation 

of CeO2 INPs, which are homogeneously dispersed inside them (Figure 3.1b). The 

quantification of the CeO2 contents within the composites was performed by digesting 

the samples with 5% HF. The supernatant was filtered, and then used to quantify the Ce 

and Zr content by ICP-OES. The INP-content values elucidated from the ICP-MS analysis 

were found to be 4.0% (w/w) for CeO2@UiO-66 (encapsulation yield: 93%) and 3.3% 

(w/w) for CeO2@UiO-66-(SH)2 (encapsulation yield: 87%).  

 

The micro-porosity of all four samples was assessed by nitrogen adsorption analysis at 

77 K, the BET surface areas found for each sample were as follows: 945 m2/g (UiO-66); 

597 m2/g (UiO-66-(SH)2), 747 m2/g (CeO2@UiO-66) and 539 m2/g (CeO2@UiO-66-(SH)2) 

(Figure 3.3). The BET values for the pristine MOFs are consistent with literature reports.36 

The collected isotherms for all materials displayed a type IV (IUPAC classification) 

isotherms presenting hysteresis loops. This behavior has been proven to be 

characteristic for MOF beads made through the spray-drying technique and it is 

 

 

Figure 3.2 XRPD of UiO-66 (cyan), CeO2@UiO-66 (blue), UiO-66(SH)2 (yellow) and CeO2@UiO-

66-(SH)2 (orange) before (a) and after three-hour adsorption at pH=5 (b) and pH=7.5 (c) with 

solutions containing 100 ppb each of all studied metal ions. 
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attributed to the presence mesoporosity resulting from the superstructure assembly of 

the nanocrystals that forms the beads. 

 

3.2.2 Metal adsorption capacity 

Once the beads were synthetized, their effectivity in the capture of the most common 

heavy-metal contaminants found in industrial wastewater [As(III and V), Cd(II), Cr(III and 

VI), Cu(II), Pb(II) and Hg(II)] was assessed. To do so, we incubated a dispersion of our 

beads (0.03 mg/mL) into different 100 ppb solutions for each metal ion for 3 hours under 

continuous stirring. The pH of the solutions was corrected to be 5 to prevent the 

precipitation of the heavy metal salts during the adsorption experiments. The 

concentration of 100 ppb was chosen since it falls within the average range of the 

concentration of heavy metal pollutants that can be found in contaminated river-water 

(Table 3.2). After 3-hours in contact with the metal ion solutions, the beads were 

 

Figure 3.3 N2 adsorption–desorption isotherms of UiO-66 (a), CeO2@UiO-66 (b), UiO-66-(SH)2 

(c) and CeO2@UiO-66-(SH)2 (d). Adsorption branch in filled circles; desorption branch in open 

circles. 
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separated through centrifugation, and the final pollutant concentration remaining in the 

supernatant measured through ICP-MS analysis.  

The obtained results are displayed in Figure 3.4a and Table 3.1. Two clear trends can be 

easily elucidated: i) the positive effect of the pending thiol groups in relation to the 

pristine UiO-66 material for all pollutants except As(V); and ii) the enhanced adsorption 

of As(III) and Cr(VI) provided by the CeO2 INPs, which is in concordance with previously 

reported works on the activity of these nanoparticles.25,37 The outlaying behavior in the 

absorption of As(V) in relation of the pristine or thiol functionalization can be explained 

by its divergent adsorption mechanism, by which the ones are adsorbed on the 

zirconium clusters through Zr-O-As coordination bonds.10,22 These bonds are more 

accessible in the pristine UiO-66, as there is not steric hindrance present in its thiol 

functionalized counterpart. The enhancement in the uptake of As(III) and Cr(VI) provided 

by the CeO2 INPs is worth highlighting, since these two metal ions are highly toxic and 

mobile,4,38 which makes them a high priority target for removal from industrial 

wastewater. Furthermore, when compared to the other metal pollutants, the efficient 

removal of As(III) and Cr(VI) from water is particularly challenging, requiring oxidation 

state conversions or less efficient and longer uptakes.39  

 

Table 3.1 Metal ion removal efficiency for UiO-66, CeO2@UiO-66, UiO-66-(SH)2 and 

CeO2@UiO-66-(SH)2 in the single-metal adsorption experiments. 

 As(III) As(V) Cd(II) Cr(III) Cr(VI) Cu(II) Pb(II) Hg(II) 

UiO-66 9% 99% 2% 45% 46% 3% 21% 15% 

CeO2@UiO-66 24% 99% 0% 35% 62% 0% 3% 1% 

UiO-66-(SH)2 26% 88% 97% 99% 57% 99% 97% 91% 

CeO2@UiO-66-(SH)2 31% 86% 91% 99% 68% 99% 96% 93% 
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From the obtained results, CeO2@UiO-66-(SH)2 microbeads displayed the best 

adsorption profile from the studied materials, and was chosen as the adsorbent to test 

the simultaneous adsorption of all metals (Figure 3.4b), with the objective to evaluate if 

any adsorption competition was present between the ions. The experiment was carried 

out following the same procedure of the single-metal adsorption, with the only 

difference being the aqueous solution contained all studied metal ions at a 

concentration of 100 ppb. The results show the CeO2@UiO-66-(SH)2 microbeads 

removed 111 ppb As(III and V) (56%), 87 ppb Cd(II) (87%), 185 ppb Cr(III and VI) (93%), 

 

Figure 3.4 a) Single-metal removal efficiency for UiO-66 (cyan), CeO2@UiO-66 (blue), UiO-

66(SH)2 (yellow) and CeO2@UiO-66-(SH)2 (orange). b) Multiple-metal removal efficiency for 

CeO2@UiO-66-(SH)2. 
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99 ppb Cu(II)  (99%), 98 ppb Hg(II) (98%) and 99 ppb Pb(II) (99%). Thus, CeO2@UiO-66-

(SH)2 was able to simultaneously adsorb all the studied pollutants mantaining the same 

adsorption capacity demonstrated for each individual one. This result means that, at this 

concentration range, no competing interference exists between the different heavy 

metal ions. 

Besides adsorbing the target water pollutants, it is paramount for MOF-based 

adsorbents to remain stable under working conditions so as to not leak their component 

metal ions [ Zr(IV) and Ce(IV) in the case of UiO-66 and CeO2, respectively] into the water. 

To this end, the presence of Zr(IV) and Ce(IV) was investigated after the adsorption 

experiments by ICP analysis. Remarkably, we found that he concentration of both ions 

was below the detection limit in all studied samples, confirming that no degradation of 

the microbeads had occurred. This stability was further corroborated by XRPD analysis 

performed after adsorption, where no significant loss of intensity was observed in the 

diffraction patterns of any of the synthetized materials (Figure 3.2b,c). 

3.2.3 INPs@MOF-Beads as packing material in a column for continuous-

flow removal of metals from water 

The previous experiments revealed that our material can effectively remove heavy metal 

pollutants from aqueous solutions. The next step was to integrate them in a continuous 

flow system, such as a fixed bed filtration column, which would be a much more 

representative model to real-life adsorption-based filtration systems. To do so, we 

packed 10 mg CeO2@UiO-66-(SH)2 into a 5 mm in diameter glass column (Figure 3.5a). 

Then, 30 mL of a pH 5 solution that contained 100 ppb of As(III), As(V), Cd(II), Cr(III), 

Cr(VI), Cu(II), Pb(II) and Hg(II) each was filtered through the column at a flow rate of 1.3 

mL/min. An aliquot of the filtrated solution was taken for ICP- OES analysis, revealing the 

following adsorptions for each metal: 69% As(III and V); 85% Cd(II); 84% Cr(III and VI); 

99% Cu(II); 99% Hg(II) and 99% Pb(II) (Figure 3.5b). These adsorptions let to a purified 

water sample with the following final concentrations: 62 ppb As(III and V); 15 ppb Cd(II); 

32 ppb Cr(III and VI); 0.3 ppb Cu(II); less than 0.25 ppb Hg(II) and less than 0.25 ppb Pb(II). 

The filtrated solution was then passed through the column again two more times, with 

the objective to further reduce the concentration of metal ions in solution. ICP-MS 

analysis confirmed that the additional filtrations were able to reduce the concentration 

of all pollutants below 0.25 ppb (Figure 3.5b). As a final characterization of the column, 

we performed a breakthrough curve following Cr(III) as a model metal ion. The 

breakthrough experiment was carried out with a new fixed bed column with fresh 10 mg 

of CeO2@UiO-66-(SH)2 and a feed solution of Cr(III) 100 ppb and a flow rate of 1.3 
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mL/min (Figure 3.6). Aliquots of the filtrated solution were taken at different time 

intervals and analyzed through ICP- OES. From the obtained data, we could determine 

the breakthrough parameters of our column, which were a breakthrough time 

(described as the point in which 10% of the initial concentration (C0) is detected) of 3 

hours and 51 minutes (300.6 mL) and an exhaustion time (90% C0) of 20 hours and 39 

minutes (1610.4 mL). The degree of fixed bed saturation was calculated to be 45%,40 and 

the maximum loading capacity of the column calculated to be 82.7 mg of Cr(III) per g of 

adsorbent. This loading capacity value compares favorably with other reported fixed bed 

adsorption studies found in the literature.47  

 

 

 

Figure 3.5 a) Photograph of the continuous-flow column setup. b) Multiple metal removal 

efficiency for the column containing CeO2@UiO-66-(SH)2 as packing material. In this 

experiment, an aqueous solution (pH 5) of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) and 

Hg(II) (100 ppb each) was passed through the column three times in a row. 
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An aspect often overlooked when studying a new adsorbent in continuous-flow packed 

columns is its regeneration, which in our case refers to the controlled desorption of 

Cr(III) ions from CeO2@UiO-66-(SH)2.  With the aim to study this property, we performed 

three adsorption/desorption cycles on our fixed bed column. In the adsorption step, we 

filtered 30 mL of an aqueous solution at pH 5 that contained all studied metals at a 

concentration of 100 ppb. The desorption step comprised the filtration of 100 mL of an 

aqueous solution of H2PO4
- 250 mM at pH 5. Both the adsorption and desorption steps 

were carried out with a solution flow rate of 1.3 mL/min. An aliquot of the filtrated 

solution was taken after each step and analyzed through ICP- OES. The results showed 

almost complete regeneration of the column (over 96% desorption) for all ions except 

for Hg(II), which had a slightly lower desorption percentage at approximately 91% 

(Figure 3.7a,b). Being Hg(II) the ion who had the greater resistance to desorption of the 

column, it was chosen as the model ion for a more extensive regeneration experiment. 

In it, 30 mL an aqueous solution of 100 ppb Hg(II) solution at pH 5, and 100 mL of a 

solution of H2PO4
- 250 mM at pH 5 were sequentially passed through the CeO2@UiO-66-

(SH)2-packed column in ten adsorption/desorption cycles. ICP- OES analysis of the 

filtrates revealed very similar uptakes across the ten adsorption cycles, meaning that the 

regeneration process was able to maintain the adsorption capacity of the CeO2@UiO-

66-(SH)2-packed column (Figure 3.7c).  

 

Figure 3.6 Breakthrough curve experiment of Cr(III) ions using the continuous flow column 

(effluent concentration of 100 ppb, flow rate of 1.3 mL/min and a bed of 10 mg of CeO2@UiO-

66-(SH)2). 
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Figure 3.7 (a,b) Multiple-metal removal efficiency (a) and recovery (b, regeneration) for the 

column after three adsorption/desorption cycles. (c) Hg(II) removal efficiency and recovery 

(regeneration) for the column after ten cycles of sequential adsorption/desorption steps. The 

adsorption step comprised passing 10 mL of water containing each metal-ion pollutant (100 

ppb) through the column. The desorption step comprised passing 100 mL of 250 mM aq. H2PO4
- 

(pH = 5) through the column. 
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3.2.4 Metal adsorption in synthetic and real river-water samples 

Once having characterized the metal adsorption properties of our microbeads, we 

decided to evaluate them in test cases corresponding to real polluted river cases. Firstly, 

we prepared synthetic versions of waters recapitulating the pollution of the Buriganga 

River41 (Bangladesh) and the Bone River42 (Indonesia). These rivers were selected due to 

the presence of heavy metal ion pollutants well-above the WHO dictated limits (Table 

3.2). Specifically, the Buriganga River has Cd(II), Cr(III), Cu(II) and Pb(II) pollutants above 

the delimited maximum concentrations, whereas the Bone river is polluted with As(V), 

Hg(II) and Pb(II). To start, the CeO2@UiO-66-(SH)2 microbeads were incubated in the 

synthetic samples with a bead concentration of 0.03 mg/mL for a duration of 3 hours 

under continuous stirring. Then, the samples were centrifuged to separate the 

microbeads from the supernatant and an aliquot of the treated water was taken for ICP-

OES analysis. This experiment was carried out at pH = 5 to compare with the results of 

the previous experiments and at the natural pH of each river; pH 6.6 for the Buriganga 

River and pH 7.5 for the Bone River.  

The performance of CeO2@UiO-66-(SH)2 microbeads is summarized in Table 3.2. For the 

Buriganga river at its natural pH, CeO2@UiO-66-SH2 microbeads could adsorb over 98% 

of Cd(II), Cu(II) and Pb(II) metal ions and 69 % of Cr(III) ions; meaning that the resulting 

treated water fulfilled the WHO requirements for these metal pollutants. At pH 5, the 

adsorptions were slightly different: only 65% of the Cd(II) ions were adsorbed, meaning 

that the remaining concentration of Cd(II) in the treated water (23 ppb) was above the 

WHO limits. The other ions were adsorbed in percentages above 98% fulfilling the WHO 

maximum concentration standards for Cr(III), Cu(II) and Pb(II) ions. 

For the Bone river at its natural pH, the CeO2@UiO-66-(SH)2 microbeads adsorbed 31% 

of the As(V), meaning that the final concentration in the treated water was well above 

the WHO requirements. Luckily, the non-thiolated UiO-66@CeO2 microbeads adsorbed 

62% of the As(V), meaning that the concentration of the purified water was 46 ppb 

which, despite being above the WHO limits, it is below the limits dictated by the water 

standards of Indonesia. Moreover, CeO2@UiO-66-(SH)2 microbeads were able to capture 

99% of Pb(II) ions at the natural pH of the river. Unfortunately, the adsorption of Hg(II) 

ions could not be determined since Hg(II) ions at the studied concentrations precipitate 

at pH above 6. In this situation, other purification methods are more adequate, like 

filtration or flocculation. For the Bone River at a pH 5, Hg(II) and Pb(II) ions were captured 

with an efficacy above 99%, giving a final concentration of only 2.5 ppb and 1.4 ppb, 
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respectively. These values are under the limits set by the WHO. However, As(V) could 

not be effectively captured, and only 11% was trapped. 

 

Finally, we also decided to test our material in the purification of a field sample collected 

from the Sarno River in Italy. The sample was filtrated to remove algae and sediments 

and then underwent the same metal ion pollutant removal experiments shown above. 

Despite meeting the WHO standards of heavy metal pollution, the Cr(VI) concentration 

in the river is 11 ppb, which is above the average of other European rivers. Also very 

small amounts of AS(III) (0.9 ppb) and Cu(II) (3.2 ppb) were detected. The CeO2@UiO-

66-(SH)2 microbeads captured 45%, 30% and 99% of the As(III), Cu(II) and Cr(VI), 

Table 3.2 Results of metal-adsorption experiments (at pH = 5 and at the natural pH for each 

river), showing the maximum heavy-metal concentration permitted by WHO standards. The 

values marked with “*“ correspond to adsorption by CeO2@UiO-66. 

 Buriganga  

 Adsorption pH = 5 Adsorption pH = 6,6 Continuous flow pH = 6,6  

Metal 

pollutant 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

WHO 

standards 

(ppb) 

Cd(II) 67 23 65% 66 1.3 98% 66 0.3 99% 3 

Cr(III) 114 1.1 99% 105 33 69% 105 11 90% 50 

Cu(II) 249 10 96% 243 2.1 99% 243 0.9 99% 2000 

Pb(II) 95 < 0.25 99% 98 < 0.25 99% 98 < 0.25  99% 10 

           

  Bone  

  Adsorption pH = 5 Adsorption pH = 7,5 Continuous-flow pH = 7,5  

Metal 

pollutant 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

WHO 

standards 

(ppb) 

As(V) 122 109 11% 122 
84   

46* 

31%               

62%* 
122 18 86% 10 

Hg(II) 178 2.5 99% - - - - - - 6 

Pb(II) 165 1.4 99% 157 1.6 99% 157 4.6 99% 10 

           

           

 Sarno  

 Adsorption pH = 5 Adsorption pH = 7,5 Continuous-flow pH = 7,2  

Metal 

pollutant 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

Before 

(ppb) 

After 

(ppb) 

Removed 

(%) 

WHO 

standards 

(ppb) 

As(III) 0.9 0.5 45% 0.9 0.4 55% 0.9 < 0.25 99% 10 

Cr(VI) 11 7.7 30% 11 6.9 37% 11 < 0.25 99% 50 

Cu(II) 3.2 < 0.25 99% 3.2 < 0.25 99% 3.2 < 0.25 99% 2000 
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respectively, at pH 5. It also and reduced the concentration of said pollutants to 55%, 

37% and 99% in the experiment at pH 7.2, which was the natural pH of the Sarno River 

(Table 3.2). 

As a follow-up, we studied the continuous-flow removal of heavy metals from the three 

river samples at their natural pH using the above described fixed bed column packed 

with CeO2@UiO-66-(SH)2 microbeads. Briefly, 30 mL of the polluted river samples were 

filtrated through the column containing 10 mg of our CeO2@UiO-66-(SH)2 microbeads at 

a flow rate of 1.3 mL/min. Afterwards, an aliquot of the purified river samples was then 

take for ICP-OES analysis. The results are shown in Table 3.2. For the Buriganga river, 

90% of Cr(III) was removed and the concentration of all other pollutants were reduced 

below the detection limit. In the Bone river case, the column removed 86% of As(V) and 

99% of Pb(II). The Hg(II) ions were not analyzed since it precipitated at the natural pH of 

7.5. Remarkably, the fixed bed column reduced the concentration of all metal pollutants 

below the WHO dictated limits with the exception of As(V) in the Bone River, with a 

detected concentration of 18 ppb just 8 ppb above the limit (Table 3.2). In the Sarno 

River case, all pollutants were reduced below detection limits using the column. 

3.2.5 Magnetically functionalized INP@MOF-beads 

To round up the study and showcase the power of the spray drying technique for 

synthesizing composites, we sought to confer magnetic functionalization to the studied 

CeO2@UiO-66-(SH)2 microbeads. To this end, we modified the spray drying synthesis to 

simultaneously incorporate Fe3O4 and CeO2 INPs into the same UiO-66-(SH)2 microbeads 

(Figure 3.8a). The characterization of the resulting magnetically responsive 

CeO2/Fe3O4@UiO-66-(SH)2 microbeads through FE-SEM and XRPD confirmed the 

successful encapsulation of INPs inside the spherical microbeads made of UiO-66-(SH)2 

nanocrystals (Figure 3.8b and Figure 3.9). Further HAADF-STEM and EDX analyses 

revealed that both types of INPs were present inside the composite microbeads (Figure 

3.10). ICP-OES of a digested samples of the microbeads revealed that the content levels 

for each type of INPs were: 3.0% for CeO2 and 9.3% for Fe3O4 (w/w).  
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Figure 3.8 a) Schematic of the synthesis of CeO2/Fe3O4@UiO-66-(SH)2. b) FE-SEM images (left) 

and HAADF-STEM images (right) of CeO2/Fe3O4@UiO-66-(SH)2. c) Photograph of a dispersion of 

CeO2/Fe3O4 @UiO-66-(SH)2 microbeads before (left) and after (middle) approach of a 

neodymium magnet, and after complete magnetic recovery (5 minutes in contact with the 

magnet; right). d) Multiple-metal removal efficiency for magnetically-recovered 

CeO2/Fe3O4@UiO-66-(SH)2. 
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Figure 3.9 XRPD patterns of UiO-66-(SH)2 and its composites with CeO2 and CeO2/Fe3O4. Peaks 

marked with “a” correspond to CeO2 (2θ = 28.3) and “b” to Fe3O4 (2θ = 30.1 and 35.5). 

 

 

  

 

Figure 3.10 TEM images and corresponding EDX analysis of (a) CeO2@UiO-66-(SH)2 and (b) 

CeO2/Fe3O4@UiO-66-(SH)2. 
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Finally, we showcased the utility of the magnetic functionalization of the microbeads by 

incubating 0.03 mg/mL of CeO2/Fe3O4@UiO-66-(SH)2 microbeads under continuous 

stirring in a water sample containing As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) and 

Hg(II) at a concentration of 100 ppb each. The microbeads were left in dispersion for 3 

hours after which they were removed by approaching a neodymium magnet to the water 

(Figure 3.8c). The microbeads were given 5 minutes to collect around the magnet and 

then, the treated water sample was decanted and analyzed by ICP-OES. Remarkably, 

despite containing 9.3% in mass of the not-so-active Fe3O4 INPs, the microbeads 

displayed similar metal-ion adsorption activity compared to that of the original non-

magnetic microbeads (Figure 3.8d). 

3.3 Experimental procedure 

3.3.1 Materials and methods 

Zirconium (IV) propoxide solution (70% (w/w)) in 1-propanol; sodium meta arsenite, 

cerium (III) nitrate, cadmium (II) nitrate tetrahydrate, sodium arsenate dibasic 

heptahydrate, mercury (II) chloride, chromium (III) nitrate nonahydrate, copper (II) 

nitrate hemi(pentahydrate), chromium (VI) oxide, lead (II) nitrate, terephthalic acid, 

diethyl 2,5-dihydroxyterephthalate, phosphoric acid, 1,4-diazabicyclo[2.2.2]octane, 

polyvinylpyrrolidone (PVP, Mw ~ 10,000), dimethylthiocarbomoyl chloride and 

hexamethylenetetramine were all purchased from Sigma Aldrich. Methanol, acetone 

and N,N-dimethylformamide were purchased from Fisher Scientific. All the reagents and 

solvents were used without further purification. 2,5-dimercaptoterephthalic acid was 

synthesized according to a reported procedure.43 Deionized water was obtained with a 

Milli-Q® system (18.2 MΩ·cm) and utilized in all adsorption experiments when required. 

Fe3O4 INPs (8-nm; 1 g/L) dispersed in an aqueous solution of PVP (1 mg/mL) were 

purchased from Applied Nanoparticles. X-ray powder diffraction (XRPD) patterns were 

collected on an X'Pert PRO MPDP analytical diffractometer (Panalytical) at 45 kV and 40 

mA using CuKα radiation (λ = 1.5419 Å). Nitrogen adsorption and desorption 

measurements were performed at 77 K using an Autosorb-IQ-AG analyzer 

(Quantachrome Instruments). Field-emission scanning electron microscopy (FE-SEM) 

images were collected on a Magellan 400 L scanning electron microscope (FEI) at an 

acceleration voltage of 5.0 KV and a Quanta 650F scanning electron microscope (FEI) at 

an acceleration voltage of 20.0 KV, using aluminum as support. Transmission Electron 

Microscopy (TEM) images and EDX composition profiles were collected on a Tecnai G2 

F20 microscope (FEI) at 200 KV. 1H NMR spectra were acquired in a Bruker Avance III 

400SB NMR spectrometer. Inductively Coupled Plasma – Optical Emission Spectroscopy 
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(ICP-OES) measurements were performed on an Optima 4300DV (Perkin-Elmer) 

instrument. 

3.3.2 Synthesis of PVP-functionalized CeO2 INPs 

CeO2 INPs were prepared following reported procedures with slight modifications.44,45 

Briefly, aqueous solutions of Ce(NO3)3 (75 mL, 0.04 M) and hexamethylenetetramine (75 

mL, 0.50 M) were mixed inside a 250 mL Erlenmeyer and the resulting solution was left 

under mild magnetic stirring at room temperature for 48 hours. Under the mild alkaline 

conditions present, CeO2 were formed by the controlled oxidation of Ce(III) to Ce(IV), 

which precipitated as insoluble CeO2 INPs. After reaction, the contents of the Erlenmeyer 

were transferred to a 2 L beaker followed by the addition dropwise of 200 mL of an 

aqueous PVP solution (20 mg/mL) under constant mild stirring. The INP dispersion was 

left stirring overnight, after which the magnet bar was removed and 800 mL of acetone 

were added to induce precipitation of the PVP-coated CeO2 INPs. The precipitation took 

place in the course of 48 hours, after which the supernatant was decanted and the 

collected INPs washed three times with DMF. Finally, the PVP-functionalized CeO2 INPs 

were redispersed in approximately 10 mL of DMF to afford a 1 mg/mL dispersion. The 

average size of the synthesized CeO2 INPs was studied by SEM imaging and determined 

to be 12 nm ± 2.5 nm. 

3.3.3 Synthesis of 2,5-dimercaptoterephthalic acid 

2,5-dimercaptoterephthalic acid was synthesized following a procedure adapted from 

the literature with minor modifications.43 In a typical synthesis, 20 g of diethyl 2,5-

dihydroxyterephthalate (0.08 mol) was added into a 500 mL three-neck round bottom 

flask purged with Ar. Then, 300 mL of degassed DMF were added and the solution was 

cooled down to 0˚C under inert atmosphere. 35.2 g of 1,4-diazabicyclo[2.2.2]octane 

(0.31 mol) were then added to the round bottom flask  and the mixture was stirred for 

10 minutes. Afterwards, 39 g of dimethylthiocarbomoyl chloride (0.32 mol) were slowly 

added. The resulting suspension was slowly allowed to warm up to room temperature 

while magnetically stirring for a total of 24 hours under inert atmosphere. The obtained 

2,5-bis[(dimethylcarbamothioyl)oxy]terephthalate was precipitated from the solution 

by the addition of 500 mL of Milli-Q water, filtered from the reaction media and washed 

thoroughly with additional water (31 g, yield: 95%). The obtained clean product was 

dried under vacuum and stored in a container under Ar atmosphere. 3.25 g of 2,5-

bis[(dimethylcarbamothioyl)oxy]terephthalate (8 mmol) was placed inside a 100 mL 

round bottom flask and heated at 215 ˚C  for 1 hour under Ar atmosphere. During the 

process, a brown paste was formed which is then cooled down to 70 ˚C and dissolved in 
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100 mL of ethanol. The warm ethanol was the slowly cooled down to 4 ̊ C which gradually 

afforded very fine brown crystals. The crystals were filtered off the ethanol supernatant 

and dried under vacuum (2.75 g, yield: 85%). Finally, 2.6 g of the previously obtained 

brown crystals (6 mmol) were dissolved in 80 mL of a 1:1 ethanol/water solution of KOH 

(1.3 M) inside a 250 mL three-neck round bottom flask and refluxed for 3 hours under 

inert atmosphere. After reaction, the reaction media was cooled down to 0 ˚C and 30 mL 

of HCl (37% w/w) were slowly introduced into the flask, precipitating the final product. 

The obtained 2,5-dimercaptoterephthalic acid was filtrated off the reaction media, 

washed thoroughly with water and dried under dynamic vacuum affording 1.29 g of 

product (yield: 93%). The yellow powder product was stored in a flask under Ar 

atmosphere until use and analyzed by1H-NMR to confirm that the desired product was 

obtained (Figure 3.11). 

 

3.3.4 Synthesis of UiO-66, CeO2@UiO-66, UiO-66-(SH)2 and CeO2@UiO-

66-(SH)2 

All MOFs were synthesized according to our previously reported spray-drying method 

with minor modifications.34 In short, 100 mg of terephthalic acid (0.6 mmol), 3 mL of 

glacial acetic acid, 8.5 mL of a dispersion of CeO2 INPs in DMF (1 mg/mL) and 280 µL of 

zirconium (IV) propoxide (Zr(OPrn)4) solution in 1-propanol (70% w/w; 0.5 mmol) were 

sequentially introduced into a beaker containing 40 mL of DMF. The reaction mixture 

was then passed through a coil-flow reactor (inner diameter: 3 mm) set at 115 ˚C with a 

feed rate of 2.4 mL/min. The pre-heated solution was then injected to a B-290 Mini 

 

Figure 3.11 H-NMR spectrum of 2,5-dimercaptoterephthalic acid performed in DMSO-D6. 
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Spray-Dryer (BUCHI Labortechnik; spray cap hole diameter: 0.5 mm) and sprayed at 180 

˚C with a flow rate of 336 mL/min. The collected dry powders were washed twice with 

DMF twice, twice with ethanol and finally dried under dynamic vacuum at 85 °C for 12 

hours. Encapsulation efficiency of CeO2 INPs in CeO2@UiO-66 composite was 

determined by ICP-OES. We found an encapsulation efficiency of 4.0% w/w (93% 

encapsulation yield). The thiol-functionalized UiO-66 and non-CeO2 INPs containing 

materials were synthetized following the exact same procedure, with the exception that 

terephthalic acid was replaced with 2,5-dimercaptoterephthalic acid (same molar ratio), 

and plain DMF was introduced instead of CeO2 INPs dispersion, when appropriate. The 

encapsulation efficiency in CeO2@UiO-66-(SH)2 composite was determined to be 3.3% 

w/w (87% encapsulation yield). 

3.3.5 Synthesis of CeO2/Fe3O4@UiO-66-(SH)2 
The magnetic composite was prepared following the above mentioned procedure with 

very minor alterations. Basically, 138 mg of 2,5-dimercaptoterephthalic acid (0.6 mmol), 

3 mL of glacial acetic acid, 8.5 mL of a DMF dispersion of Fe3O4 and CeO2 INPs (2 mg/mL 

of Fe3O4 and 1 mg/mL of CeO2) and 280 µL of zirconium (IV) propoxide (Zr(OPrn)4) 

solution in 1-propanol (70% w/w; 0.5 mmol) were sequentially added to a flask 

containing 40 mL of DMF. The reaction mixture was spray-dried using the same settings 

described above, followed by the same washing and drying processes. Encapsulation of 

the INPs was confirmed by TEM imaging and by ICP-OES analysis. The encapsulation 

efficiencies were calculated to be 9.3% w/w (97% encapsulation yield) for the Fe3O4 INPs 

and 3.0% w/w (79% encapsulation yield) for the CeO2 INPs. 

3.3.6 Metal sorption studies 

3.3.6.1 Single-metal adsorption 

50 mL Falcon tubes were filled with 1 mg of either CeO2@UiO-66, CeO2@UiO-66-(SH)2, 

UiO-66 or UiO-66-(SH)2 and 30 mL of an aqueous solution containing 100 ppb of As(III), 

As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) or Hg(II) ions corrected at pH 5 (i.e. every MOF 

material was tested with each individual metal ion). The MOF dispersion was sonicated 

for 2 minutes to completely homogenize it and then introduced into a rotary agitator set 

at 30 rpm for 3 hours at room temperature. After adsorption, the MOF powders were 

separated by centrifugation and an aliquot of the supernatant taken through a 200 µm 

syringe filter and stored in the dark at 4 ˚C until ICP-OES analysis. 
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3.3.6.2 Multi-metal adsorption 

The procedure followed was the same as described above with the exception that we 

used 30 mL of solution corrected to pH 5 contained 100 ppb of each metal ion: As(III), 

As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) and Hg(II). 

3.3.6.3 Continuous-flow experiments 

10 mg of CeO2@UiO-66-(SH)2 were compacted and sandwiched between cotton wool 

and introduced inside a thin chromatographic glass column (5 mm diameter). To 

eliminate any loose powder material, 5 mL of Milli-Q water were passed through the 

fixed bed column prototype. Then, 30 mL pH 5 solution with 100 ppb each of As(III and 

V), Cd(II), Cr(III and VI), Cu(II), Pb(II) and Hg(II) was filtered through the column with a 

flow rate of 1.3 mL/min. An aliquot of the treated metal ion solution was collected for 

ICP-OES analysis. The cycling experiments comprised an adsorption step, whereby 30 mL 

of a solution at pH 5 that contained 100 ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), 

Cu(II), Pb(II) and Hg(II) ions dissolved was passed through the column; and a desorption 

step, in which 100 mL of a solution of NaH2PO4
46 (250 mM ) set at pH 5 was filtered 

through the column to rinse the adsorbed metal ions. This adsorption-desorption cycle 

was repeated a total of ten times, collecting aliquots of each filtrate to then be analyzed 

by ICP-OES. Since previous experiments demonstrated that Hg(II) was the most difficult 

ion to regenerate, only Hg(II) was followed in this experiment. Finally, the breakthrough 

curve experiment was carried out utilizing the same column setup described initially.  A 

total of 2340 mL of a solution containing 100 ppb of the model ion Cr(III) were filtered 

through the column, and aliquots were collected at different time intervals to the be 

analyzed by ICP-OES. 

3.3.6.4 Synthetic river-water samples 

Water sample solutions with metal ion concentrations that recapitulated the known 

pollution levels from the Buriganga and the Bone Rivers were prepared according to 

reported values in the literature of each river.41,42 In short, Milli-Q water solutions of the 

necessary metal ion salts for each river were prepared at pH 5 and the natural reported 

pH of the river (pH 6.6 for the Buriganga and pH 7.5 for the Bone) correcting with HNO3 

or NaOH when necessary. The prepared synthetic river samples were stored at 4 ˚C in 

the dark until use. 

3.3.6.5 River-water metal adsorption 

The river-water metal adsorptions were carried out following the procedure described 

previously.  1 mg of CeO2@UiO-66-(SH)2 was introduced together with 30 mL of one of 
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the river water samples (the synthetic Buriganga or Bone Rivers, or the real one from 

the Sarno River) into a 50 mL Falcon centrifugation tube. The experiments were carried 

out with the river samples corrected at pH 5 or at the corresponding natural pH of each 

river (pH 6.6 for the Buriganga; pH 7.5 for the Bone; and pH 7.2 for the Sarno Rivers). 

The rest of the procedure was carried out described in the single-metal and multi-metal 

analyses (see sections 3.3.6.1 or 3.3.6.2). The experiment was repeated with CeO2@UiO-

66 and the Bone River sample to check the improvement in As(V) removal. The three 

river water samples at their natural pH were also filtered through the prototype fixed-

bed column. The procedure was carried out as described in the multiple-pollutant 

analysis using the column prototype (see section 3.3.6.3). 

3.3.6.6 Magnetically-functionalized sample adsorption 

0.3 mg of CeO2/Fe3O4@UiO-66-(SH)2 were dispersed into 10 mL of an aqueous solution 

at pH 5 with 100 ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Pb(II) and Hg(II) 

ions dissolved. The suspension was introduced into a rotary agitator set at 30 rpm and 

mixed for 3 hours at room temperature. The CeO2/Fe3O4@UiO-66-(SH)2 microbeads 

were recovered from the dispersion utilizing a neodymium magnet, and an aliquot of 

the treated supernatant was taken through a 200 µm syringe filter for ICP-OES analysis. 

 

3.3.7 Adsorption calculations 
For the adsorption tests, the maximum uptake capacity (LM) of the microbeads was 

calculated as: 

𝐿𝑀 =
𝐶0 × 𝑉

𝑀
 

where C0 is the initial concentration of the solution; V, the volume loaded into the Falcon 

tube; and M, the mass of MOF used for the adsorption.  

 The pollutant-loading level (L) of the microbeads was calculated as: 

𝐿 =
(𝐶0 − 𝐶𝑓) × 𝑉

𝑀
 

where Cf is the final measured concentration. 
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And finally, the percentage of pollutant adsorbed from each sample was calculated as 

follows: 

%𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐿

𝐿𝑀
× 100 

 

3.3.8 Breakthrough curve parameters calculations 

 

Figure 3.12 shows the breakthrough point, which is defined as the point in time (tb) in 

which the analyzed concentration (C) reaches 10% (Cb) of the initial concentration (C0). 

Likewise, the exhaustion point is defined as the moment (te) that the analyzed 

concentration reaches 90% (Ce) of the C0. Since the flow rate (Q) of effluent is maintained 

constant throughout the breakthrough experiment, we could derive the volume of 

effluent that had filtered to tb and te, and define them as breakthrough volume (Vb) and 

exhaust volume (Ve), respectively. 

The mass flowrate (Ls) of our column is defined as: 

 

Figure 3.12 Scheme of an idealized breakthrough curve. The shaded area above the curve 

defines the total capacity of the column. 
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𝐿𝑠 =
𝑄 ∗ 𝜌

∅
 

, where ρ is the density of the effluent and ∅ the cross section area of the column. 

The volume of effluent necessary to go from breakthrough to exhaustion of the column 

(Va) is defined as: 

𝑉𝑎 = 𝑉𝑒 − 𝑉𝑏 

The adsorption zone is the point of the column at any time in which the concentration 

changes from Cb to Ce; which is to say the part of the column that is not yet saturated. 

We can define the time it takes the adsorption zone to move its own height down the 

column (θa) as: 

𝜃𝑎 =
𝑉𝑎

𝐿𝑠
 

And the time required for the adsorption zone to move out of the bed θe as: 

𝜃𝑒 =
𝑉𝑒

𝐿𝑠
 

We can define the fractional capacity of the adsorbent in the column that can still adsorb 

solute (f) as: 

𝑓 = 𝐶0 ×
𝑈𝑎

𝑉𝑎
 

, where Ua is the area above the breakthrough curve from breaking to exhaustion point 

and can be calculated as: 

𝑈𝑎 = (𝐶0 × 𝑉𝑎) − ∫ (𝐶0 − 𝐶) 𝑑𝑉
𝑉𝑒

𝑉𝑏

 

The values of f range from 0 to 1 where f=0 would indicate the substrate in the column 

is completely saturated of solute and f=1 that the column is completely devoid of it. 

Knowing f, we can define the time required for the formation of the adsorption zone (θf) 

as: 

𝜃𝑓 = (1 − 𝑓) × 𝜃𝑎 
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The height of the adsorption zone (Za) at the point of exhaustion can be defined as: 

𝑍𝑎 = 𝑍 ×
𝜃𝑎

𝜃𝑒 − 𝜃𝑓
 

, where Z is the height of the adsorption bed. 

The percentage of saturation of the adsorbate in the column at the point of exhaustion 

(S) can be calculated as: 

𝑆 =  
𝑍 − 𝑓 × 𝑍𝑎

𝑍
× 100 

The total absorbance capacity of the column at the exhaust point (qe) is defined as: 

𝑞𝑒 =  
𝐶0 × (𝑈𝑏 + 𝑈𝑎)

𝑚
 

, where m is the mass of the adsorption bed and Ub the area above the breakthrough 

curve up to the breaking point that can be calculated as: 

𝑈𝑏 = (𝐶0 × 𝑉𝑏) − ∫ (𝐶0 − 𝐶) 𝑑𝑉
𝑉𝑏

0

 

 

3.4 Conclusions 
In this chapter, several INP@MOF composite materials were developed and their 

performance as adsorbents for the removal of heavy metal pollutants from water 

assessed. These INP@MOF composite were synthetized in a one-step, continuous-flow 

spray-drying methodology that produces spherical microbeads. Thanks to the spray 

drying method, microbeads of UiO-66 MOF and its thiol-functionalized family could be 

easily produced in a scalable synthesis. Furthermore, the technique allows the facile 

encapsulation of INPs into the microbeads, which can be exploited to produce composite 

microbeads with enhanced functionality.  

We demonstrated yhay the synthetized microbeads can simultaneously remove As(III 

and V), Cd(II), Cr(III and VI), Cu(II), Pb(II) and Hg(II) ions from water; do not experience 

structural or performance degradation over extended use; and can be regenerated with 

a mild acidic treatment. The best performing material from this study, the UiO-66-
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(SH)2@CeO2 microbeads, were integrated into a proof-of-concept fixed-bed, packed-

powder column for continuous-flow water remediation. The continuous-flow 

experiments performed equally well compared to the batch experiments. Furthermore, 

UiO-66-(SH)2@CeO2 microbeads were tested for the purification of water samples with 

the reported pollution levels of the Sarno and Buriganga Rivers, as well as a real sample 

of the Sarno River. The UiO-66-(SH)2@CeO2 microbeads were able to reduce the 

concentration of pollutants of all river-water samples below the WHO limits in both 

batch and continuous-flow experiments. 

Finally, the magnetic functionality of the Fe3O4/CeO2@UiO-66-(SH)2 microbeads was 

utilized by performing water remediation experiments with magnetic recovery of the 

powder, demonstrating the versatility and potential of the spray-drying methodology 

that allows for a versatile synthesis of composite materials. These easily synthetized 

INP@MOF composites will prove utile in future studies exploring MOF-based materials 

for water remediation applications. 
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A Millimeter‐shaped Metal‐Organic 

Framework/Inorganic Nanoparticle Composite as a 

New Adsorbent for Home Water‐Purification Filters 

 

Abstract 

In this chapter, a millimetre-sized polymer granule with integrated CeO2@UiO-66 microbeads for 

home water purification applications is designed and studied with a product-minded view. All the 

studies were performed utilizing by a jug-filter commercialized by Brita®, replacing the original 

contents of the adsorption cartridge and with our granules.  All the adsorption experiments were 

carried out following the American National Standards Institute (ANSI) guideline 53-2019, 

“Drinking Water Treatment Units - Health Effects Standard”. To the best of our knowledge, this 

is the first time that a MOF-based material is studied following the internationally recognized 

water remediation standards that any commercial product must fulfill. With the work presented 

here, MOF adsorbents are closer to real-life water remediation applications. 

 

This Chapter is based on the following publication: 

Boix, G.; Han, X.; Imaz, I.; Maspoch, D. Millimeter-Shaped Metal–Organic Framework/Inorganic Nanoparticle 

Composite as a New Adsorbent for Home Water-Purification Filters. ACS Appl. Mater. Interfaces 2021, 13,.
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4.1 Introduction 
The United Nations has reported that every year millions of people die, with children 

being particularly vulnerable, from diseases caused by drinking water from 

contaminated sources or with poor hygiene and sanitation.1 Many of the chronic long 

term complications can be attributed to the exposure of heavy metal contaminants, 

which are pernicious even to trace levels.2–4 Among the seventeen goals for sustainable 

growth stipulated by the United Nations we can find “safe water and adequate 

sanitation are indispensable for healthy ecosystems, reducing poverty, and achieving 

inclusive growth, social well-being and sustainable livelihoods”.5 It is for this reason that 

the development of strategies and products for the purification of water is of paramount 

importance. Currently, most of water-remediation processes are performed at the 

source of water supply, in potabilization plants. These industrial installations employ 

large scale remediation processes which include, among others, chemical precipitation, 

flocculation, filtration and coagulation.6 Unfortunately, these large-scale treatments 

tend to have difficulties eliminating pollutants at concentrations in the range of ppb, and 

generate large quantities of undesired sub-products, such as contaminated sludge;7 

usually meaning that the effluent treated water require supplementary treatment 

processes.  

Unlike the primary treatment, these additional water remediation processes can be 

easily performed domestically by consumers employing small scale water filters. These 

filters can be mounted directly on the house plumbing or the faucet outlet, or an 

independent portable unit. By surveying the market one can see that the overwhelming 

majority of commercial domestic water-remediation systems are based on either 

reverse-osmosis or adsorption devices. Reverse-osmosis systems are able to remove 

nearly all dissolved salts from a water stream, but they do so indiscriminately resulting 

in water with very low mineralization which may be contraindicated on some people. 

Furthermore, reverse-osmosis is a slow and water-wasteful process making it not ideal 

for the treatment of water in developing regions. Adsorption-based systems are 

generally a cheaper alternative, but the most commonly employed adsorbents (e.g. 

zeolites, natural fibers and activated carbon) exhibit either low capacities, poor or too 

restrictive selectivity and costly regeneration. These issues make difficult using them to 

treat contaminants like arsenic, which is especially harmful to health and much more 

prevalent in developing countries compared to more developed regions of the world.8,9 

Due to the shortcomings of traditional adsorption materials, most adsorption-based 

filters employ a combination of different adsorbents with complementary adsorption 
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profiles. The most common combination is the pairing of activated carbon and an ion-

exchange resin. Activated carbon is responsible of the removal of most taste and odor 

compromising substances, whereas the ion-exchange resin is responsible for the 

elimination of harmful heavy metal pollutants.10 

For all these reasons, it is still a current challenge the development of new and 

alternative materials for adsorption-based water remediation processes with higher 

capacities, faster adsorption kinetics and easier regeneration. Amongst the more 

promising alternative materials are MOFs and COFs, offering outstanding surface areas 

and the potential to be easily tailored chemically and structurally to fit a desired 

application. Very promising works have already been published showcasing the potential 

of MOFs and COFs in water remediation,11–19 including under continuous-flow 

conditions.20–22 The most prevalent MOFs excelling in water purification studies include 

families like UiO-66, MIL-100 and ZIF-8 and their many framework functionalized 

derivatives.23–30 Despite the showcased potential, MOFs need to overcome several 

hurdles left before they can realistically be utilized in real-world water purification.16,30,31 

One of these challenges for MOF to overcome is their shaping from their usually 

synthetized micro-scale powder to meso/macroscale objects. Another concern is that 

most of the studies of MOFs for water remediation applications are carried out under 

narrowly controlled lab conditions, usually to avoid interferences in the properties being 

studied. This means that many of the reported performances cannot be directly 

extrapolated to real life working conditions.32 Therefore, there is a need to evaluate 

MOF-based materials under the testing conditions found in internationally recognized 

standards to certify water-purification systems. 

In the previous chapter, composite microbeads comprised of the UiO-66 family of MOFs 

and CeO2 INPs for water remediation was presented.33 These composite microbeads 

were synthetized using the spray-drying methodology that allows for a continuous-flow, 

scalable synthesis of the material. As a continuation of the previous work, we set out to 

design a MOF-based adsorbent material which could have real-world viability as a 

commercial product. The use of the UiO-66-(SH)2 materials, despite their much better 

metal capture performance, would unfortunately increase the cost of any device made 

with them resulting in a prohibitively expensive product. This high cost of production is 

mainly attributed to the non-commercial 2,5-dimercaptoterepthalic acid necessary for 

their synthesis, and the quick degradation of the ligand by cross-linking when exposed 

to the open atmosphere. Accordingly, despite its slightly lower performance, the 

CeO2@UiO-66 composite was determined to be a better suited material for a 
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commercially-viable water remediation product. Just like with the thiol-functionalized 

framework, the driving force of adsorption in the UiO-66 framework appears to be 

chemisorption according to the kinetic studies of ion adsorption, which are governed by 

a pseudo-second order model.34,35 The most probable binding sites to perform 

chemisorption in the UiO-66 framework are located in defects of the structure; for 

instance, on open metal sites of the SBUs in which oxyanions like As(V) and Cr(VI) can 

interact with the zirconium cluster.36 The incorporation of the CeO2 INPs into the 

material is still necessary since, as presented in the previous chapter, the adsorption 

affinity of the UiO-66 framework for As(III) ions is very low. Therefore, the incorporation 

of CeO2 INPs inside the UiO-66 microbeads will help round-up the adsorption profile of 

the material, thanks to the reported selectivity of the CeO2 INPs for As(III) and Cr(VI) 

ions.37,38 Furthermore, despite cerium being a rare earth metal, the production cost of 

CeO2 INPs is comparable to Fe3O4 INPs, and their relatively low concentration inside the 

microbeads means that the overall production cost of the final material should not be 

severely impacted. 

In this chapter, we integrated the selected CeO2@UiO-66 microbeads into a macroscale 

polymeric granule (herein named CeO2@UiO-66@PES granules) to avoid the toxicity 

associated with the manipulation of micron-sized powders and to better integrate them 

in commercial devices. We selected polyethersulfone (PES) as the polymer for the 

formation of the millimeter-sized granules since it is commonly utilized in other water-

remediation devices, such as reverse-osmosis and ultrafiltration membranes.39–41 In this 

study, all pollutant adsorption experiments were carried out following the American 

National Standards Institute (ANSI) guideline 53-2019, “Drinking Water Treatment Units 

- Health Effects Standard”.42 To the best of our knowledge, this was the first time that 

the performance of a MOF-based water remediation material was assessed following 

international standard guidelines. Furthermore, the adsorption experiments were 

carried out a commercial water filter pitcher from Brita®. To do so, the original contents 

of the filter were replaced with our CeO2@UiO-66@PES granules, or with a mixture of 

CeO2@UiO-66@PES granules and activated carbon, thus simulating a replacement of the 

ion-exchange resin spheres present in the commercial Brita® filter. We hope this study 

will bring MOF-based materials one step closer to real-life water remediation 

applications. 
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4.2 Results and discussion 

4.2.1 Synthesis and characterization 

Firstly, the CeO2@UiO-66 microbeads presented in the previous chapter were 

synthetized following the same continuous-flow spray-drying methodology with minor 

alterations.33,43 Briefly, a DMF solution containing terepthalic acid (15 mM), Zr(OPrn)4 (15 

mM), acetic acid (1.3 M) and CeO2 INPs dispersed in the solution ( 350 mg/L) was passed 

through a preheated coil-flow reactor set at 115 ºC and then, immediately spray-dried 

at 80 ºC. This process afforded dense spherical microbeads, with an average size of 2.5 

µm ± 2.0 µm, made of UiO-66 and CeO2 INPs homogeneously dispersed throughout 

(Figure 4.1a, b). ICP-OES analysis of the digested microbeads revealed a concentration 

of CeO2 INPs of 4.5% w/w in relation to the MOF weight. The BET surface area of the 

microbeads was determined with N2 adsorption analysis performed at 77 K, from which 

a value of 1017 m2/g was found (Figure 4.2). The collected isotherm presented a type-IV 

(IUPAC classification) curve, showcasing a hysteresis loop which indicating the presence 

of mesoporosity. This behavior is characteristic of these spray-dried microbeads, and is 

attributed to the presence of defects in the structure and the macroscopic assembly of 

UiO-66 nanocrystals into the microbeads shape.44 

The shaping of MOF microcrystals is paramount to eliminate any health hazard related 

to the manipulation of very fine powders, as well as facilitating their integration into 

devices and transportation. Therefore, we decided to integrate the CeO2@UiO-66 

microbeads into a millimeter-size polymeric porous granule made of PES (Figure 4.1c,d) 

to form CeO2@UiO-66@PES granules. In addition, this shaping resembles the ion-

exchange resin present in typical commercial domestic water filters. The synthesis of 

CeO2@UiO-66@PES porous granules was carried out with a phase-inversion 

methodology. In a typical synthesis, 100 mL of a PES solution in DMF (150 g/L) was 

prepared to which the CeO2@UiO-66 microbeads were dispersed to afford a 

homogeneous mixture with a concentration of 45 g/L of CeO2@UiO-66 microbeads. This 

dispersion was then poured drop by drop into 800 mL of a 1:1 mixture (by volume) of 

water and ethanol cooled down to 0 ºC. When in contact with the water/ethanol bath, 

the PES of the dispersion instantly precipitated forming a hard shell around the droplet. 

The precipitated granules were left stirring in the bath for 3 hours under mild agitation 

to slowly diffuse the DMF trapped in the granules. With the diffusion of DMF and its 

replacement by the water/ethanol mixture, channels inside the granules were formed 

resulting in a sponge-like structure. After 3 hours, the water/ethanol bath was replaced 

with a fresh one and the granules were left stirring inside for an additional 3 hours to 
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remove all remaining DMF. Finally, the DMF-free granules (size = 1.9 mm to 2.1 mm) 

were collected by decantation and redispersed in ethanol overnight. Finally, the clean 

granules were decanted, dried at 85 ºC under dynamic vacuum and stored until use.  

 

 

Figure 4.1 a) FE-SEM micrograph of spray-dried CeO2@UiO-66 microbeads. b) HAADF-STEM 

micrograph of one CeO2@UiO-66 microbeads; the denser spots correspond to the CeO2 INPs. 

c) Schematic of the formation of CeO2@UiO-66@PES granules via phase-inversion. d) 

Photograph of the synthesized millimetre-scale CeO2@UiO-66@PES granules. e) Photograph 

of a cross-section of one granule. f) FE-SEM micrograph of the interior of one CeO2@UiO-

66@PES granule, at 26.1% loading of CeO2@UiO-66 microbeads (shown in blue). Scale bars: 

5 µm (a), 500 nm (b), 10 mm (d), 600 µm (e), 20 m (f). 
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The quantification of the encapsulated microbeads inside the PES granules was carried 

out by digesting the composite with 70% HNO3 and 5% of HF and analyzing the 

concentration of Zr(IV) and Ce(IV) ions in the diluted supernatant with ICP-MS. The 

results revealed a microbead content of 26.1% in relation to the mass of the granules. 

FE-SEM imaging of the interior of the synthetized granules revealed their sponge-like 

structure and the homogeneous distribution of the CeO2@UiO-66 microbeads 

throughout the macroporous surface (Figure 4.1e, f). It is believed that MOF crystals 

interact with the polymer surface through “π-π” interactions between the phenylene 

rings of the terepthalic ligands and the polyethersulfone backbone.45 The retention of 

crystallinity of the microbeads after incorporation into the PES granules was ascertained 

with XRPD analysis (Figure 4.3a). The lower intensity of the XRPD spectra can be 

 

Figure 4.2 a) N2 adsorption–desorption isotherm of CeO2@UiO-66 microbeads. Adsorption 

branch in filled dots, desorption branch in empty dots. b) BET plot for N2 sorption in 

CeO2@UiO-66 microbeads. 
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attributed to the diffused location of the microbeads throughout the 3D space of the 

granules. Furthermore, N2-sorption measurements of the CeO2@UiO-66@PES granules 

revealed a BET surface area of 260 m2/g (Figure 4.3b). The obtained surface area is 

remarkably close to the maximum theoretic value of 265 m2/g according to the 

microbeads content inside the granules, further confirming that the structure of the 

microbeads was not affected by the incorporation into the PES granules and that the 

polymer does not impede the access to their porosity. 

 

 

Figure 4.3 a) XRPD of CeO2@UiO-66 microbeads (purple); CeO2@UiO-66@PES granules at 

different microbeads loading values (6.7% [blue]; 26.1% [pink], and 47.4% [green]; w/w); and 

the simulated peaks for UiO-66 (black) and CeO2 INPs (red). b) N2-sorption isotherm for 

CeO2@UiO-66@PES granules at microbeads loading of 26.1% (w/w). 
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The synthesis of CeO2@UiO-66@PES granules was repeated with different microbeads 

loadings of 0%, 6.7% and 47.4% (Figure 4.4). The retention of crystallinity was confirmed 

by XRPD (Figure 4.3a), and the N2-sorption analyses revealed BET surface areas of 0, 67, 

and 450 m2/g for the 0%, 6.7% and 47.4% granules, respectively (Table 4.1). These values 

are close to the 0, 68 and 481 m2/g theoretical maximum according to their respective 

microbeads loading inside each granule. 

 

 

 

Figure 4.4 Photographies and FE-SEM imaging detail of CeO2@UiO-66@PES granules with 

a,b) 6.7%, c,d) 26.1% and e,f) 47.4% microbeads loading. Scale bars: 30 µm (b,d,f). 

Table 4.1 Summary of the BET values of CeO2@UiO-66@PES granules with different loadings 

of CeO2@UiO-66 microbeads. 

Microbeads loading 
percentage  

(w/w) 

Theoretical 
BET  

(m2/g) 

Measured 
BET  

(m2/g) 

0.0% N/A 0 

6.7% 68 67 

26.1% 265 260 

47.4% 481 450 
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4.2.2 Metal adsorption capacity of CeO2@UiO-66@PES granules as a 

function of CeO2@UiO-66 microbeads loading. 
In an initial study, we determined the optimal loading of CeO2@UiO-66 microbeads 

inside the granules. To this end, an HPLC column was filled with 0.3 g of granules loaded 

with either 0%, 6.7%, 26.1% or 47.4% (w/w) of microbeads (Figure 4.5). The HPLC column 

was then connected to a peristaltic pump and 1 L of a solution containing 100 ppb each 

of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) and Pb(II) ions was filtered through it at 

a flow rate of 0.5 mL/min. Aliquots of the purified supernatant were collected and 

analyzed by ICP-OES analysis to determine the relative adsorption capacities of each 

sample (Figure 4.6 and Table 4.2). 

 

As expected, the results revealed a very low adsorption capacity for the pure PES 

granules, with an adsorption of less than 5% for all analyzed ions, except for Cr(III and 

VI) in which an adsorption of almost 10% was observed. The adsorption of the samples 

 

Figure 4.5 Photography of the HPLC column setup for the performance evaluation of the 

granules with different loading of CeO2@UiO-66 microbeads. 
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containing CeO2@UiO-66 microbeads was much better, and their adsorption 

performance increased with higher microbeads loadings, although not linearly. 

Specifically, the granules with a CeO2@UiO-66 microbeads contents of 6.7% (w/w) 

removed 75 ppb of the As(III) and As(V) ions (38% of the total amount); 45 ppb of Cd(II); 

104 ppb of the Cr(III) and Cr(VI) mixture (52% of the total amount); 36 ppb of Cu(II); 45 

ppb of Hg(II); and 50 ppb of Pb(II) ions. The CeO2@UiO-66@PES granules with a 26.1% 

(w/w) loading of microbeads removed 122 ppb of the As(III) and As(V) ions (61% of the 

total amount); 65 ppb of Cd(II); 139 ppb of the Cr(III) and Cr(VI) mixture (70% of the total 

amount); 55 ppb of Cu(II); 69 ppb of Hg(II); and 72 ppb of Pb(II) ions. This represents an 

increase of approximately 20% in performance in relation to the 6.7% granules. 

Surprisingly, the CeO2@UiO-66@PES granules with a 47.4% (w/w) loading of microbeads 

removed 130 ppb of the As(III) and As(V) ions (65% of the total amount); 67 ppb of Cd(II); 

150 ppb of the Cr(III) and Cr(VI) mixture (75% of the total amount); 61 ppb of Cu(II); 70 

ppb of Hg(II); and 75 ppb of Pb(II) ions. This removal capacity only represents an increase 

of approximately 5% in performance in relation to the 26.1% granules. We postulate that 

this might be due to two possible explanations. At these high loadings, the available 

adsorption sites for metal ions cannot longer be the limiting factor of adsorption and 

instead it is the residence time of the influent solution. Another possible explanation 

could be that, as can be seen in the SEM images (Figure 4.4), the granules loaded with 

47.4% of microbeads show the appearance of several aggregates. As such, the total 

active surface of these aggregates should not be as accessible as the isolated ones, which 

would also limit the adsorption kinetics of the final material. According to the obtained 

results, the granules with 26.1% (w/w) loading of microbeads were selected to carry out 

the water-filter pitcher adsorption experiments as they offered a good balance between 

adsorption performance and microbeads amount given the higher cost of the 

CeO2@UiO-66 material compared to the PES polymer. 
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4.2.3 CeO2@UiO-66@PES granules as a metal adsorbent in home water-

filter pitchers. 

The main objective of this work was to evaluate a MOF-based material for adsorption 

water remediation under real-world conditions. To do so we analyzed the performance 

of the CeO2@UiO-66@PES granules in an already commercial product: a pitcher-filter 

 

Figure 4.6 Adsorption performance of the PES granules loaded with CeO2@UiO-66 

microbeads at different values (w/w). 

 
Table 4.2 Adsorption performance of the granules with different microbeads loading after 

filtration 1 L of a solution containing 100 ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), 

Hg(II) and Pb(II) ions at a flow rate of 0.5 ml/min. 

    Bead loading percentage (w/w) 

Metal Ion 0% 6.7% 26.1% 47.4% 

As(III,V) 1% 37% 59% 63% 
Cd(II) 2% 47% 69% 71% 
Cr(III,VI) 10% 53% 70% 76% 
Cu(II) 4% 35% 55% 60% 
Hg(II) 5% 49% 76% 77% 
Pb(II) 4% 51% 74% 76% 
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from Brita® (Figure 4.7a). These type of devices are usually equipped with a cartridge 

containing a mixture of ion-exchange resin pearls, tasked with the removal of heavy 

metal pollutants, and activated carbon that are responsible for the improvement of 

mouth taste of the water by removing organic molecules and chlorine. The cartridge 

from Brita® contained approximately 53 g (dry mass) of filler, a third of which (18 g) were 

the ion-exchange pearls and the remaining two thirds (35 g) were activated carbon.  

 

Since the main function of our CeO2@UiO-66@PES granules would be the capture of 

metal pollutants, we studied them as a substitute of the traditional ion-exchange resin 

present in commercial filters. We did so by refilling an emptied out cartridge of Brita® 

with 18 g (the corresponding weight of ion exchange resin present in a pristine cartridge) 

with our CeO2@UiO-66@PES granules or with a mixture of 18 g of CeO2@UiO-66@PES 

granules and 35 g of activated carbon (Figure 4.7b). The analyses with the cartridge 

containing just 18 g of CeO2@UiO-66@PES granules will serve to determine the metal 

 

Figure 4.7 a) Photograph of the pitcher and cartridge used in the filtration experiments. b) 

Photograph of the cartridge together with the standard Brita® filter (left) and the CeO2@UiO-

66@PES granules + activated carbon filter (right). c) Adsorption performance of each 

cartridge at pH = 6.5 or 8.5, after filtrating 1 L of metal pollutant solution. The dashed line 

represents the minimum adsorption requirement to meet the NSF/ANSI standard 53-2019. 

 



Chapter 4 

119 
 

capture capabilities of our material, while the one containing a mixture with activated 

carbon will mimic a composition of a hypothetical commercial product utilizing our 

CeO2@UiO-66@PES granules for water remediation applications. As control 

experiments, a cartridge containing 53 g of activated carbon and a pristine cartridge 

from Brita® were also utilized. 

Besides using a real-world commercial setup to perform the filtration experiments, we 

decided to perform our metal capture experiments following the experiments described 

in an internationally recognized water treatment standard. In the United States of 

America, these guidelines are described in the NSF/ANSI 53-2019, “Drinking Water 

Treatment Units - Health Effects Standard”, of the American National Standards Institute 

(ANSI).42 Particularly, this standard describes the experiments and the minimum 

performance requirements for point-of-use and point-of-entry drinking water systems 

(e.g. plumbed-in systems, refrigerators and batch pour-through-type treatment systems 

like the filter pitchers presented in this study). Any commercial product that aims to 

claim a particular performance in removing a harmful substance must do so following 

the experiments described in the standard.   

As described in the guidelines of the NSF/ANSI 53-2019 standard, 1 L of contaminated 

water sample containing one pollutant [As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) or 

Pb(II)] at pH 6.5 or pH 8.5 was filtered through the Brita® pitcher, and an aliquot of the 

purified water was collected and analyzed by ICP-MS. The experiments were performed 

for each metal ion at the two studied pHs on each of the 4 different fillers studied: just 

activated carbon, the pristine Brita® filter, CeO2@UiO-66@PES granules and the mixture 

of CeO2@UiO-66@PES granules and activated carbon. The resulting filtrate for each 

solution was collected for analysis by ICP-MS. It is worth noting that the total 16 L (one 

for each of the eight studied metal ions, at two different pH) were filtered consecutively 

without replacing the filler of the cartridges. Unlike the majority of published work 

studying metal capture, the NSF/ANSI 53-2019 standard specifically asks all adsorption 

experiments to be performed at pH 6.5 and 8.5 with synthetic “hard” water containing 

the following salts: 250 ppm of NaHCO3; 128 ppm of MgSO4·7H2O; 111 ppm of CaCl2; 93 

ppm of Na2SiO3·9H2O; 12 ppm of NaNO3; 2.2 ppm of NaF; 1 ppm of NaClO; and 0.18 ppm 

of NaH2PO4·H2O. The concentration range for each of the eight studied metal pollutants 

is also described in the standard: 50 ± 10 ppb for As(III) and As(V); 30 ± 7 ppb for Cd(II); 

300 ± 75 ppb for Cr(III) and Cr(VI); 3000 ± 750 ppb for Cu(II); 6 ± 1 ppb for Hg(II); and 150 

± 15 ppb for Pb(II). 
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The influent concentration and target reduction as described by the NSF/ANSI 53-2019 

standard, the measured influent concentration and the effluent concentration after 

filtrating through each of the four studied cartridges (with the corresponding adsorption 

percentage in parenthesis) are shown in Table 4.3. Unsurprisingly, the cartridge that 

contained 53 g of activated carbon adsorbed the least amount of pollutants from all 

studied fillers (Table 4.3, Figure 4.7c) with adsorptions below 30% for all ions except 

Cu(II) (removing 86% at pH 6.5 and 88% at pH 8.5) and Pb(II) (removing 73% at pH 6.5 

and 64% at pH 8.5). These results mean that this activated carbon filter only met the 

target reduction of the standard for Cu(II) ions. On the other hand, the pristine Brita® 

filter met the target reduction set by the standard for all studied pollutants, except for 

As(III) and As(V). 

The cartridge loaded with just 18 g of CeO2@UiO-66@PES granules adsorbed on average 

more than 75% of the influent concentration of all the metal pollutants at both pH 

studied. This meant it was able to meet the requirements of the NSF/ANSI 53-2019 

standard for all pollutants, except for As(III) at pH 6.5, where the measured effluent 

concentration was 2 ppb above the standard limit. This results demonstrate the efficacy 

of CeO2@UiO-66@PES granules and showcase that the metal capture capabilities of 

CeO2@UiO-66 are not impeded while immobilized within the polymer granule.  

Finally, the cartridge loaded with a mixture of activated carbon and CeO2@UiO-66@PES 

granules reduced the effluent concentration of all studied pollutants below the target 

set by NSF/ANSI 53-2019 standard. These results validate that CeO2@UiO-66@PES 

granules are a viable replacement of the traditional ion-exchange resin from commercial 

water filters in real-world operating conditions, outperforming the commercial Brita® 

filter on the capture of Cd(II) and Hg(II) on both studied pHs, and especially of As(III) and 

As(V), which were not effectively captured by the Brita® filter. It is worth noting that from 

the 18 g of CeO2@UiO-66@PES granules, only 4.7 g (26.1%) were functionally active 

CeO2@UiO-66 microbeads. 

With the efficacy of our CeO2@UiO-66@PES granules demonstrated in real-world 

conditions, the next step was to ascertain their stability of performance over a prolonged 

use. Accordingly, we decided to filter an additional 16 L of polluted water through the 

same CeO2@UiO-66@PES granules + activated carbon utilized in the previous 

experiments and monitor its performance. As model solution, we decided to use As(III) 

at pH 6.5 described in the NSF/ANSI 53-2019 standard (50 ± 10 ppb of As(III) in synthetic 

“hard” water), since it was a difficult metal to remove using the commercial Brita® filter.  
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Table 4.3 Performance results for the four cartridges tested for removal of metals from 1 L 

influent solutions in a Brita® pitcher. Shown are the metal-ion concentration of the influent 

solution, the NSF/ANSI 53-2019 standard required maximum effluent concentration, and the 

post-filtration effluent concentration values obtained at pH 6.5 (top) or pH 8.5 (bottom). 

Metal-removal values are expressed as both ppb and percentage (in parentheses). 

pH = 6.5       

Metal 

Ion 

Target Influent 

Concentration 

Measured Influent 

Concentration 

NSF/ANSI 53-

2019 standard 

reduction target 

Activated 

Carbon 
Brita® Granules 

Granules + 

Activated 

Carbon 

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

As(III) 50 ± 10 49 10 46 (6%) 46 (6%) 12 (76%) 10 (80%) 

As(V) 50 ± 10 51 10 44 (14%) 49 (4%) 10 (80%) 9 (82%) 

Cd(II) 30 ± 7 28 5 20 (29%) 2 (93%) 2 (93%) 1 (96%) 

Cr(III) 300 ± 75 293 100 233 (20%) 27 (91%) 73 (75%) 60 (80%) 

Cr(VI) 300 ± 75 302 100 275 (9%) 62 (79%) 97 (68%) 75 (75%) 

Cu(II) 3000 ± 750 2941 1300 412 (86%) 46 (98%) 701 (76%) 151 (95%) 

Hg(II) 6 ± 1 6.2 2 5.9 (5%) 1.1 (82%) 1.4 (77%) 1.0 (84%) 

Pb(II) 150 ± 15 146 5 39 (73%) 1 (99%) 5 (97%) 1 (99%) 

        

pH = 8.5       

Metal 

Ion 

Target Influent 

Concentration 

Measured Influent 

Concentration 

NSF/ANSI 53-

2019 standard 

reduction target 

Activated 

Carbon 
Brita® Granules 

Granules + 

Activated 

Carbon 

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) 

As(III) 50 ± 10 49 10 47 (4%) 37 (24%) 10 (80%) 9 (82%) 

As(V) 50 ± 10 50 10 42 (16%) 45 (10%) 9 (82%) 8 (84%) 

Cd(II) 30 ± 7 28 5 20 (29%) 3 (89%) 3 (89%) 2 (93%) 

Cr(III) 300 ± 75 304 100 213 (30%) 34 (89%) 74 (76%) 41 (87%) 

Cr(VI) 300 ± 75 297 100 251 (15%) 99 (67%) 91 (69%) 82 (72%) 

Cu(II) 3000 ± 750 2975 1300 370 (88%) 18 (99%) 652 (78%) 250 (92%) 

Hg(II) 6 ± 1 5.9 2 5.2 (12%) 1.4 (76%) 1.5 (75%) 1.0 (83%) 

Pb(II) 150 ± 15 151 5 55 (64%) 1 (99%) 4 (97%) 1 (99%) 
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ICP-MS analysis of the collected supernatants for each of the filtrated 16 L revealed no 

significant loss in adsorption performance (Figure 4.8), indicating that the CeO2@UiO-

66@PES granules retain their activity over prolonged use. 

 

Furthermore, we ascertained the stability of our material analyzing their constituent 

elements in the filtrated water. We monitored the concentration of Zr(IV) and Ce(IV) in 

all filtration experiments throughout this study, and no concentration above the 1 ppb 

detection limit was measured on any of our filtrated samples, confirming that no 

significant degradation of the CeO2@UiO-66 microbeads occurred. We also checked the 

retention of porosity of the CeO2@UiO-66@PES granules after filtration of all pollutants 

and the additional 16 L of As(III) solution. Before the N2-sorption analysis, the granules 

were washed with 500 mL of a 250 mM aqueous solution of H2PO4
- at pH 5 following a 

similar procedure reported in the previous chapter to regenerate the material. 33 This 

wash also serves to dissolve any precipitated salt from the “hard” water, which could 

affect the BET measurements. The results revealed a BET surface area of 240 m2/g 

(Figure 4.9b), which is remarkably close to the initial 260 m2/g. This small loss in porosity 

is expected on UiO-66 when exposed to neutral-to-basic water solutions and falls well 

within other reported studies. 46 Finally, XRPD of the granules after all the adsorption 

 

Figure 4.8 Performance of the cartridge containing the mixture of CeO2@UiO-66@PES 

granules and activated carbon for adsorption of As(III) ions in 16 L of synthetic “hard” water 

containing 50 ppb As, at pH 6.5. 
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experiments did not display any significant loss of crystallinity (Figure 4.9a), and optical 

and SEM imaging surveying of the morphology of the granules did not indicate any 

alteration (Figure 4.10). 

 

 

Figure 4.9 a) XRPD, b) N2 adsorption–desorption isotherm, and c) BET plot for N2 sorption of 

the granules after all purification experiments. 
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4.3 Experimental procedure 

4.3.1 Materials and methods 

Zirconium (IV) propoxide solution (70% (w/w)) in 1-propanol; sodium meta arsenite; 

cerium (III) nitrate; potassium dichromate; sodium arsenate dibasic heptahydrate; 

chromium (III) chloride hexahydrate; cadmium (II) chloride; copper (II) sulfate; mercury 

(II) chloride; lead (II) nitrate; sodium metasilicate; sodium dihydrogen phosphate; 

sodium bicarbonate; sodium nitrate; magnesium sulfate; sodium fluoride; terephthalic 

acid; sodium hydroxide; calcium chloride; sodium hypochlorite and polyvinylpyrrolidone 

(PVP; Mw ~ 10,000) were acquired from Sigma Aldrich. Acetone; hydrochloric acid; N,N-

dimethylformamide and methanol were purchased from Fisher Scientific. All reagents 

were utilized without further purification. Deionized water, obtained with a Milli-Q® 

system (18.2 MΩ cm), was utilized in all aqueous solutions. Nitrogen adsorption and 

desorption measurements were collected using an ASAP 2460 (Micromeritics) at 77 K. 

Temperature for N2 isotherms measurement was controlled with a liquid nitrogen bath.  

XRPD patterns were collected on an X'Pert PRO MPDP analytical diffractometer 

(Panalytical) at 45 kV and 40 mA using CuKα radiation (λ = 1.5419 Å). TEM images were 

collected on a Tecnai G2 F20 microscope (FEI) at 200 KV. FE-SEM images were collected 

on a Magellan 400 L scanning electron microscope (FEI) at an acceleration voltage of 5.0 

KV. 1H NMR spectra were acquired in a Bruker Advance III 400SB NMR spectrometer. 

Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) were performed on an 

Agilent 7500. ICP-OES measurements were performed on an Optima 4300DV (Perkin-

 

Figure 4.10 Photography (a), cross-section optical image (b) and FESEM image of CeO2@UiO-

66@PES granules after all purification experiments. Scale bar: 10 µm (c). 
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Elmer) instrument. All Hg ions were analyzed on a Direct mercury analyzer DMA-80 

(Milestone). 

4.3.2 Synthesis of PVP-functionalized CeO2 INPs 

The CeO2 INPs were synthesized following the procedure described in the previous 

chapter and adapted from reported literature.47,48 Aqueous solutions of Ce(NO3)3 (75 mL, 

0.04 M) and hexamethylenetetramine (75 mL, 0.50 M) were introduced into a 250 mL 

Erlenmeyer flask and the resulting mixture was stirred mildly at room temperature for 

48 hours. Under the mild alkalinity of the hexamethylenetetramine, Ce(III) oxidizes to 

Ce(IV), which precipitates as insoluble CeO2 INPs. After leaving the solution to react 

overnight, the contents of the Erlenmeyer were transferred to a 2 L beaker. 200 mL of 

an aqueous PVP solution (20 mg/mL) were then added dropwise under constant mild 

stirring and the CeO2 dispersion was left stirring overnight. After coating, the magnet bar 

was removed and 800 mL of acetone were added to induce precipitation of the PVP-

coated CeO2 INPs. This precipitation was allowed to take place over the course of 48 

hours, after which the supernatant was decanted, and the collected INPs washed three 

times with DMF. Finally, the PVP-functionalized CeO2 INPs were redispersed in DMF to 

afford a 1 mg/mL dispersion. The average size of the synthesized CeO2 INPs was 

ascertained by FE-SEM imaging and determined to be 12 nm ± 2.5 nm. 

4.3.3 Synthesis of CeO2@UiO-66 microbeads. 

CeO2@UiO-66 microbeads were synthesized using a similar methodology described in 

the previous chapter with only minor modifications.33,43 In a typical synthesis, 

terephthalic acid (100 mg, 0.6 mmol), a Zr(OPrn)4 solution 70% (w/w) in 1-propanol (280 

µL, 0.5 mmol), glacial acetic acid (3 mL, 52.5 mmol) and a PVP-coated CeO2 INPs 

dispersion in DMF (2 mL, 7 mg/mL) were added into a 100 mL Erlenmeyer flask 

containing 40 mL of DMF. The reagent mixture was then injected into a preheated (115 

ºC) coil-flow reactor (⌀ = 3 mm) at a feed rate of 2.4 mL/min. The pre-heated reagent 

solution was spray-dried at 180 ˚C (flow rate of 336 mL/min), using a B-290 Mini Spray-

Dryer (BUCHI Labortechnik; spray cap ⌀ = 0.5 mm). The collected CeO2@UiO-66 powder 

was dispersed in DMF, washed twice with DMF and twice more with ethanol. The clean 

CeO2@UiO-66 microbeads were dried at 85 °C under vacuum overnight. The 

concentration of CeO2 INPs inside the UiO-66 microbeads was determined by ICP-OES. 

The results revealed a concentration of 4.3% (w/w), which represents a 93% 

encapsulation yield in relation to the amount of CeO2 INPs introduced in the reaction. 
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4.3.4 Synthesis of CeO2@UiO-66@PES granules. 

The encapsulation of CeO2@UiO-66 microbeads into PES granules was carried out via 

phase-inversion synthesis adapted from the literature with some modifications.49 In a 

nutshell, 4.5 g of CeO2@UiO-66 microbeads were dispersed into 100 mL of a 0.15 g/mL 

PES solution in DMF. Note that the weight of the CeO2@UiO-66 microbeads represent 

30% of the weight of PES in solution. The prepared dispersion was magnetically stirred 

at 800 rpm for 1 hour to break any microbeads aggregation and obtain a homogeneous 

distribution of CeO2@UiO-66 microbeads throughout the dispersion. While the 

microbeads solution was homogenizing, 800 mL of a 1:1 mixture of water and ethanol 

was prepared and placed in an ice bath to cool down to 0ºC. The homogenized 

CeO2@UiO-66 microbeads dispersion in a PES solution was then slowly pored drop by 

drop into the chilled water-ethanol bath, and stirred at 300 rpm to avoid aggregation of 

the droplets. When the droplets of PES solution enter in contact with the water/ethanol 

bath, the polymer instantly precipitated forming a shell around the droplet. The formed 

granules were left in the water/ethanol bath for 3 hours and allowed to slowly diffuse 

trapped DMF inside their cores. This slow diffusion of DMF create channels within the 

granules resulting in a porous sponge-like structure. After 3 hours, the water/ethanol 

bath was exchanged with a fresh one, and the granules allowed to stir for an additional 

3 hours to completely exchange all DMF. Finally, the CeO2@UiO-66@PES granules were 

left overnight stirring in an absolute ethanol bath to perform a solvent exchange, 

decanted out the following morning and dried under dynamic vacuum at 85 ºC. The 

CeO2@UiO-66@PES granules were characterized by FE-SEM imaging (Figure 4.1e), XRPD 

(Figure 4.3a), and N2-sorption at 77 K (Figure 4.3b).  

The synthesis was repeated with CeO2@UiO-66 dispersions containing 7% or 60% (w/w) 

of microbeads relative to the PES in solution. The quantification of microbeads 

concentration inside the granules for all synthetized granules was checked by ICP-MS 

analysis of the Zr(IV) and Ce(IV) ion concentration of digested samples of the granules. 

The results revealed microbeads contents of 6.7%, 26.1%, and 47.4% (w/w) for the 

samples synthesized using 7%, 30% and 60% (w/w) CeO2@UiO-66 microbeads relative 

to the PES in solution, respectively. The encapsulation efficiency of microbeads for each 

sample was therefore 90%, 87% and 79% respectively. For the formation of pure PES 

granules, the synthesis experiment was repeated with a 0.15 g/mL PES solution that 

contained no CeO2@UiO-66 microbeads in dispersion. 



Chapter 4 

127 
 

4.3.5 Heavy metal contaminated water preparation. 

As the guidelines set by the NSF/ANSI 53-2019 standard dictate, all metal ions solutions 

were prepared with a synthetic “hard” tap water sample. In a typical procedure, 750 mg 

of NaHCO3 and 279 mg of Na2SiO3 were introduced into a 3 L Erlenmeyer flask and 

dissolved in 1 L of Milli-Q water. Then, the pH of the resulting solution (normally around 

pH 10 after complete dissolution of the solids) was acidified to either 6.5 or 8.5. 

Afterwards, 36 mg of NaNO3, 344 mg of MgSO4, 6.6 mg of NaF and 0.5 mg of 

NaH2PO4·H2O were dissolved in 1 L of Milli-Q water and added to the previous solution 

in the 3 L Erlenmeyer flask. Finally, 1.5 mg NaClO and 333 mg CaCl2 were dissolved in 1 

L Milli-Q water, added to the 3 L Erlenmeyer flask, and the pH was corrected to 6.5 or 

8.5 if necessary using HCl or NaOH.  

With the synthetic “hard” tap water prepared, stock solutions of 10 ppm for each ion 

were prepared by dissolving 6.9 mg of Na2HAsO4, 4.3 mg of NaAsO2, 4.1 mg CdCl2, 14.3 

mg Na2Cr2O7·2H2O, 12.8 mg CrCl3·6H2O, 9.8 mg CuSO4·5H2O or 4.3 mg Hg(NO3)2·H2O into 

250 mL Milli-Q water acidified to pH 1. The Pb(II) stock solution was prepared differently 

to avoid precipitation. 3.6 mg of Pb(NO3) were dissolved into 4 mL of a 1:1 HNO3 70% 

(w/w) and Milli-Q water mixture to afford a 563.4 ppm solution. Afterwards, and 

according to the NSF/ANSI 53-2019 standard, eight solutions containing 50 ppb As(III); 

50 ppb As(V); 30 ppb Cd(II); 300 ppb Cr(III); 300 ppb Cr(VI); 1200 ppb Cu(II); 6 ppb Hg(II); 

and 150 ppb Pb(II) were prepared by dissolving the necessary volume of stock solution 

into 3 L of synthetic “hard” tap water each. Any drift in pH from the targeted 6.5 or 8.5 

was corrected with HCl/NaOH and the solutions were stored in a fridge until use. An 

additional solution that contained 100 ppb of each of the pollutants was also prepared 

by dissolving the necessary volume of all stock solutions into 1.5 L of synthetic “hard” 

tap water for the HPLC continuous-flow adsorption experiment. 

4.3.6 HPLC column continuous-flow metal capture. 

An HPLC column (⌀ = 1 cm) was filled with 0.3 g of CeO2@UiO-66@PES granules samples 

containing 0%, 6.7%, 26.1% or 47.4% (w/w) of CeO2@UiO-66 microbeads. The HPLC 

column was connected to a peristaltic pump (Figure 4.5), and 1 L of a solution containing 

100 ppb each of As(III), As(V), Cd(II), Cr(III), Cr(VI), Cu(II), Hg(II) and Pb(II) ions was filtered 

through at a flow rate of 0.5 mL/min. After filtration, an aliquot of each of the 

supernatants was collected and analyzed by ICP-OES. 



Chapter 4 

128 
 

4.3.7 Cartridge metal capture experiments. 

The contents of a pitcher water-filter commercialized by Brita® were substituted by pure 

CeO2@UiO-66@PES granules, or with a mixture of 35 g of activated carbon and 18 g of 

CeO2@UiO-66@PES granules (53 g total). As control experiments, a pristine Brita® 

cartridge and a cartridge with 53 g of activated carbon were used. Then, 1 L of the 

pollutant solutions prepared according to the NSF/ANSI 53-2019 standard guidelines 

was filtered through the pitcher for each pollutant and the experiment repeated for each 

cartridge. An aliquot of each filtrated supernatant was collected and analyzed by ICP-

MS. 

4.4 Conclusions 
In this chapter, a MOF-based water remediation composite has been developed and its 

performance validated in a water-filtration system amenable to pour-through type 

cartridge devices. The synthesis of the active CeO2@UiO-66 microbeads was done via a 

continuous-flow, scalable spray-drying methodology, and then they were immobilized 

into sponge-like PES matrices to form millimeter-sized CeO2@UiO-66@PES granules. In 

our aim to validate the performance of our material in real-world conditions, we 

incorporated our material into a commercial water-filtration pitcher and assayed their 

performance according to the internationally recognized NSF/ANSI 53-2019 “Drinking 

Water Treatment Units - Health Effects Standard”. A cartridge containing a mixture of 

activated carbon and our CeO2@UiO-66@PES granules in the same ratio of activated 

carbon/ion-exchange resin present in a commercial Brita® filter fulfilled the reduction 

requirements of the NSF/ANSI 53-2019 standard for As(III), As(V), Cd(II), Cr(III), Cr(VI), 

Cu(II), Hg(II) and Pb(II) ions at pH 6.5 and 8.5. Our modified cartridge outperformed on 

the reduction of As(III) and As(V) ions since the commercial cartridge could not meet the 

NSF/ANSI 53-2019 standard reduction for these two pollutants. Furthermore, no 

performance loss was observed after filtrating an additional 16 L of a water sample 

contaminated with As(III) ions. Finally, no signs of degradation of the CeO2@UiO-

66@PES granules were detected by checking for the presence of the constituent Zr(IV) 

or Ce(IV) ions in the filtered water samples. XRPD and N2-sorption measurements 

performed after the filtration experiments also did not reveal any significant 

degradation. This study demonstrated the performance advantage of CeO2@UiO-

66@PES granules over traditional ion-exchange resin materials. We hope this study will 

bring MOF-based materials one step closer to real-world water-remediation 

applications.  
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MOF‐composite based films exhibiting passive and 

near‐infrared light triggered iodine release and 

antimicrobial performance 
 

 

 

Abstract 

 In this chapter, we present the preparation and functional validation of an anti-bacterial MOF-

based composite for the triggered controlled release of the antimicrobial molecule iodine. Iodine 

is an interesting antimicrobial agent because it does not generate bacterial-resistance. The 

composite presented in this work are beads of the iodophilic MOF UiO-66 containing 

encapsulated gold nanorods (AuNR) coated with a silica shell. This encapsulated AuNR generate 

heat through photothermal effect when irradiated with near-infrared light (NIR), which triggers 

the active release of iodine. After validating the performance of this composite, we integrated it 

into a polymer for the development of antibacterial films. We assessed the adsorption of iodine 

into these composite films, as well as its light-triggered active and passive long-term release. 

Finally, we successfully validated the antibacterial activity of the composite films in in vitro 

experiments against gram positive and negative bacteria. We are confident that our work can be 

useful in the development of new prophylactic treatments. 
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5.1 Introduction 
Infectious diseases are a rapidly growing threat to humanity. For instance, the current 

COVID-19 pandemic, caused by the virus SARS-CoV-2, has already killed over 3,760,000 

people1 and is taking a devastating socioeconomic toll worldwide. Unfortunately, COVID-

19 is only one of countless pathogenic diseases putting public health at risk. A 

particularly menacing group of such diseases is the nosocomial infections (also called 

hospital-acquired infections), which are caused by bacteria, viruses, fungi, yeast or 

parasites acquired in hospital by a patient who was admitted for a reason other than 

that infection.2 Nosocomial infections, which are facilitated primarily via urinary 

catheters, are a major cause of death and increased morbidity among patients, causing 

110,000 deaths every year in Europe.3,4  

Although infections can be treated with antibiotics, vaccines and other therapeutic 

modalities, the use of antimicrobial coatings is garnering increasing interest as a simple 

prophylactic strategy.5 These coatings impede the arrival and growth of microorganisms 

on surfaces, and maintain their activity (inhibition or destruction) against transitory 

microbiota after each use, thereby lowering the probability of infections by surface-

contact with humans. Typically, they are fabricated by incorporating biocides into 

polymers or hydrogels, which are subsequently released in a controlled fashion. In many 

of the antimicrobial coatings used today, the biocide is silver INPs,6 silver salts,7 metal-

oxide INPs,8 antibiotics9 or quaternary ammonium compounds.10 However, each of these 

current technologies suffers from certain limitations. For instance, silver-based coatings, 

which are popular because they have been widely characterized and demonstrate 

impressive in vitro performance, actually exhibit low microbial efficacy under real 

conditions.11 Increased and inappropriate use of antibiotics has led to widespread 

resistance. Finally, quaternary ammonium coatings, despite minimizing surface 

adsorption of pathogenic cells and proteins, do not directly destroy any of those bacteria 

that do end up adsorbed onto the material, leading to a gradual buildup of bacteria on 

the surface.11 Among the most efficient topical biocides is iodine, which is widely 

available, inexpensive and has broad-spectrum antimicrobial activity.12 Furthermore, it 

works by causing irreversible damage to the microorganism cells in a non-specific mode, 

meaning that, unlike antibiotics, there is no tendency to form resistances.13 However, 

iodine presents challenges in its effective application in sterilization processes due to its 

inherent low solubility in water. Alcoholic solutions of iodine solve the issue of solubility, 

but they permeate tissues too fast and end up over-administrating the iodine wastefully 

causing irritation and other undesirable side effects.14 Since 1955, a water-based 
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complex of polyvinylpirrolidone (PVP) and iodine (also known as povidone-iodine; sold 

as Betadine, Inadine and Braunol) became the dominant way of administrating the 

drug. Iodine is also widely used in dental/prosthetic implants; in which it is 

electrochemically absorbed into titanium.15 However, despite its many advantages, 

iodine has not been incorporated into antimicrobial films or coatings, mainly due to the 

difficulty of working with elemental iodine (e.g. aqueous or alcoholic solutions of iodine 

are irritants) and of controlling its release.16 

One way to circumvent these issues should be through its adsorption in porous 

materials, as it should allow the storage of iodine while controlling its release and 

avoiding its direct contact with, for example, skin. Moreover, this porous material could 

then be incorporated into polymeric matrices to form antimicrobial films or coatings. 

Among the different types of porous materials, MOFs satisfy most of the above-

mentioned conditions. MOFs show high porosity, good thermal and chemical stability, 

and tuneable pore size, shape and functionality, characteristics that allow adsorbing and 

storing iodine with loading capacities larger than their own weight in mass. For instance, 

the archetypical MOFs, HKUST-1 and ZIF-8, have shown iodine uptake capacities of 1.75 

g/gMOF and 1.25 g/gMOF, respectively.17,18 Once adsorbed, it has been shown that iodine 

can also be released from the MOFs in solution.19–21 Furthermore, many studies have 

confirmed that MOFs can be efficiently incorporated into organic polymer films to form 

mixed matrix-membranes, self-folding films, among other types of functional films.22–27  

In addition to the above-mentioned characteristics, MOFs can also be designed to 

release the adsorbed species via a stimulus such as pH or light.28–30 Indeed, the well-

known MOFs ZIF-8 and MIL-100(Fe) have shown to release their content (e.g. 

doxorubicin, artemisinin) via pH modification due to degradation of the MOF. Light has 

also been used to trigger the release of species in MOFs. For instance, visible light has 

been used to trigger the degradation of a Zr-based MOF via isomerization of its 

azobenzenedicaboxylate linker, thus releasing its cargo.31 Photoactive nanomaterials 

such as polypyrrole32 and metal nanoparticles33,34 have also been combined with MOFs 

to generate composites able to release their cargo via visible and near-infrared (NIR) 

light. 

Herein, we show the design and synthesis of a MOF-based composite which adsorbs and 

stores iodine at very high concentrations and can release it in two ways in solid state: 

slowly and passively at low-concentration; or, upon triggering by NIR light, rapidly and 

actively higher-concentration. This composite is composed of a spherical microbead of 
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the MOF UiO-66 that encapsulates gold nanorods (AuNRs) coated with a silica shell (SiO2) 

(hereafter called as AuNR@SiO2@UIO-66). The microporous UiO-66 adsorbs and stores 

iodine (at concentrations of up to 0.9 mgI2/mgcomposite), whereas the photoactive 

AuNR@SiO2 enables the active NIR-triggered release. Moreover, we demonstrate that 

these AuNR@SiO2@UiO-66 microbead composites can be incorporated into organic 

polymers for developing iodine-based antimicrobial films that preserve the iodine 

adsorption capacity and both ways of release. The antibacterial activity of such light-

responsive films was assessed against gram positive and negative bacteria. 

5.2 Results and discussion 

5.2.1 Material synthesis 

AuNRs were prepared following an adapted procedure from the literature.35 A gold seed 

solution was initially prepared following the traditional cetyltrimethylammonium 

bromide (CTAB)-stabilized synthesis.35 The synthetized seeds were then placed into a 

growth solution with trace amounts of AgNO3 and allowed to develop into AuNRs 

overnight. Afterwards, the synthesized rods were washed with Mili-Q water upon 

centrifugation. Field-emission scanning electron microscopy (FE-SEM), transmission 

electron microscopy (TEM) and UV-Vis spectroscopy revealed the formation of AuNRs 

with dimensions of 80 nm in length and 15 nm in width (Figure 1a,d), and with a 

maximum localized surface plasmon resonance (LSRP) peak at 810 nm (Figure 1e). 

Coating of AuNRs with a silica shell was carried out according to reported procedures 

with slight modifications.36,37 A dispersion of synthesized AuNRs in a diluted CTAB 

solution corrected at pH = 10 was allowed to react overnight with tetraethyl orthosilicate 

(TEOS). The resulting AuNRs coated with a silica shell (AuNR@SiO2) of a thickness of 17 

± 2 nm (Figure 1b) were then thoroughly washed with ethanol upon centrifugation. 

Finally, the shell thickness of AuNR@SiO2 was increased by dispersing them in an 

ethanolic solution of ammonia and TEOS under mild stirring. The final AuNR@SiO2 had 

an Au content of 23 % and a shell thickness of 30 ± 3 nm, as confirmed by inductively 

coupled plasm-mass spectrometry (ICP-MS), FE-SEM and STEM (Figure 1c). We would 

like to highlight that this SiO2 coating was proven necessary to avoid the degradation of 

AuNRs upon exposure to iodine. In previous studies, we discovered that naked AuNRs 

encapsulated in UiO-66 crystals were not stable to iodine at 75 ºC, and that they were 

etched even under short exposures to the halogen (Figure 2a). To this end, a coating of 

~ 30 nm of SiO2 was found optimum to protect the AuNRs when exposed to iodine (Figure 

2b). 
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AuNR@SiO2@UiO-66 composite microbeads were synthetized following a spray-drying 

methodology previously reported in our group (Figure 3a).38 In a typical synthesis, a 

dispersion of AuNR@SiO2 and the UiO-66 precursors (terephthalic acid and zirconium(IV) 

propoxide) dissolved in N,N-dimethylformamide (DMF) were injected into a coil-

preheater and then spray-dried at 180 ºC. The synthesis was repeated without 

AuNR@SiO2 to afford pristine UiO-66 microbeads. Powder X-ray powder diffraction 

(PXRD) and FE-SEM revealed the formation of spherical microbeads of both UiO-66 and 

AuNR@SiO2@UiO-66 (Figure 3b,d). Moreover, the successful encapsulation of  

 

Figure 1 (a) STEM imaging of the synthetized Au nanorods. (b) STEM imaging of the Au@SiO2 

INPs after the silica coating reaction. (c) STEM imaging of the Au@SiO2 INPs after the silica 

shell growth procedure. (d) Length and width distribution of the synthetized gold nanorods. 

(e) UV-Vis spectra of the synthetized Au nanorods showing the LSRP peak maximum at 810 

nm. 
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AuNR@SiO2 was confirmed by high-angle annular dark-field (HAADF-STEM) imaging 

(Figure 3c). The content of Au in the composite microbeads was estimated by digesting 

them in an 8:3 mixture of HNO3 70% and HF at 230 ºC and analyzed by ICP-MS, from 

which a AuNR@SiO2 content of 9% in the composite was determined. Nitrogen isotherm 

adsorption measurements revealed a BET surface area of 1040 m2/g and 750 m2/g for 

UiO-66 and AuNR@SiO2@UiO-66 microbeads, respectively (Figure 4). Note that this later 

value is close to the expected value (946 m2/g) according to the loading percentage of 

AuNR@SiO2 within the microbeads. 

 

Figure 2 (a) STEM imaging of synthetized core-shell Au nanorods@UiO-66 composite before 

(Left) and after (right) exposure to I2 gas at 75 ºC for 3 hours. (b) STEM imaging of core-shell 

Au@SiO2@UiO-66 composite before (Left) and after (right) exposure to I2 at 75 ºC for 96 

hours. Scale bar 500 nm. 
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Once synthesized, we studied the photothermal properties of AuNR@SiO2@UiO-66 

microbeads as they will dictate the possibility of using them as a light-triggered release 

system of iodine. To this end, UiO-66 and AuNR@SiO2@UiO-66 microbeads were 

irradiated with a NIR light (λ = 810 nm) with an intensity of 1000, 224 and 52 mW/cm, 

and the temperature increase was monitored utilizing a thermal camera (Table S1). We 

observed that pristine UiO-66 microbeads have no photothermal response to the NIR 

light, as the temperature remained constant throughout irradiations. On the contrary, 

the incorporation of AuNRs in the UiO-66 microbeads enhanced their photothermal 

response. Indeed, AuNR@SiO2@UiO-66 microbeads rapidly (in less than 60 s; Figure 5) 

reached a temperature up to 274 ºC, 150 ºC and 90 ºC when irradiated at an intensity of 

1000, 224 and 52 mW/cm, respectively. Remarkably, cooling of AuNR@SiO2@UiO-66 

microbeads was as fast as the heating process upon turning off the NIR light. This 

property is very important to achieve a precise switch-on/-off triggered release.  

 

Figure 3. (a) Schematic illustration of the spray-drying synthesis of AuNR@SiO2@UiO-66 

microbeads, using AuNRs coated with a SiO2 shell (TEM image). (b,c) Representative FE-SEM 

(b) and HAADF-STEM (c) of AuNR@SiO2@UiO-66 microbeads. (d) PXRD of simulated UiO-66 

(blue), Au@SiO2 (green), UiO-66 microbeads (black) and AuNR@SiO2@UiO-66 microbeads 

(red). Scale bars: 100 nm (a), 20 µm (b), and 1 µm (c). 
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Figure 4 N2-sorption isotherm measurements at 77 K of the UiO-66 microbeads (b) and 

Au@SiO2@UiO-66 microbeads (c). 
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2.2. Adsorption and NIR-light triggered release of iodine 

The iodine uptake capacity of both pristine UiO-66 and composite AuNR@SiO2@UiO-66 

microbeads was determined utilizing a solid-gas adsorption setup. The sublimation 

chamber consisted of two glass tubes of known mass sealed at one end placed inside a 

scintillation vial, to which the microbeads and the elemental iodine were introduced 

separately. Then, the sublimation chamber was purged with Ar gas to evacuate any 

humidity that could induce error between gravimetric measurements, and the vial 

placed inside a 75 ºC oven.  

 

Figure 5 (a) Time vs. Temperature diagram of the Au@SiO2@UiO-66 microbeads when 

irradiated for 1 minute with a 224 mW/cm intensity. (b) Thermal imaging of the UiO-66 

(leftmost) when irradiated with an intensity of 1000 mW/cm intensity and AuNR@SiO2@UiO-

66 microbeads when irradiated with an intensity of 52 (left), 224 (middle) and 1000 mW/cm 

(right). 
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Firstly, we determined the optimum loading time by periodically removing a sample of 

UiO-66 microbeads from the oven at different time intervals and carefully weighing the 

glass tube containing it. This experiment was also repeated with a sample of 

AuNR@SiO2@UiO-66 microbeads. The resulting isothermal curves revealed a linear 

adsorption of iodine for the first 10 h followed by saturation and plateau of the 

adsorption after 20 h (Figure 6a).  

 

The exact uptake of iodine was confirmed by gravimetric experiments of samples after 

20-hour adsorption, revealing a maximum uptake of 1.1 mgI2/mgcomposite for the pristine 

UiO-66 microbeads, and of 0.9 mgI2/mgcomposite for the composite AuNR@SiO2@UiO-66 

microbeads (Figure 7). PXRD and HAADF-STEM imaging of both UiO-66 and 

AuNR@SiO2@UiO-66 microbeads loaded with iodine revealed no apparent degradation 

of the material (Figure 8). 

 

Figure 6 (a) Adsorption isotherm of iodine at 75 ºC for both UiO-66 (black) and 

AuNR@SiO2@UiO-66 (red) microbeads. (b-d) Release profiles of iodine from UiO-66 (black) 

and AuNR@SiO2@UiO-66 (red) microbeads under NIR light at intensities of 1000 mW/cm (b), 

224 mW/cm (c) and 52 mW/cm (d). 
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Next, we studied the NIR light triggered release of iodine using a custom-made setup 

inside a TGA equipment. To this end, I2@UiO-66 and I2@AuNR@SiO2@UiO-66 

microbeads were placed inside the equipment, allowed to stand undisturbed for 5 min 

to stabilize their weight, and finally irradiated at the different intensities of 1000, 224 

and 52 mW cm−1 for 35 min while recording their weight loss. For comparison purposes, 

we also recorded the weight loss of both samples without NIR irradiation, from which 

only 4% and 3% of iodine (Figure 9) was released from I2@UiO-66 and 

I2@AuNR@SiO2@UiO-66 microbeads, respectively. As expected, upon NIR irradiation, 

 

Figure 7 TGA curves of pristine UiO-66 (blue), Au@SiO2@UiO-66 loaded with iodine (red) and 

UiO-66 loaded with iodine (black). 

 

Figure 8 (a) PXRD of pristine UiO-66 (black), pristine Au@SiO2@UiO-66 (red), UiO-66 after 

desorption of iodine (blue) and Au@SiO2@UiO-66 after desorption of I2 (green). (b) HAADF-

STEM imaging detail of the Au@SiO2@UiO-66 after 96-hour exposure to I2 at 75 ºC. Scale bar: 

100 nm 



Chapter 5 

145 
 

the composite microbeads with encapsulated AuNR@SiO2 showed higher iodine release 

than I2@UiO-66 (Figure 6b-d). At irradiation intensities of 1000, 224 and 52 mW cm−1, 

I2@AuNR@SiO2@UiO-66 microbeads released 74%, 48% and 28% of its iodine cargo, 

which corresponds to 0.67, 0.44 and 0.26 mgI2/mgcomposite, respectively. Under the same 

conditions, I2@UiO-66 was able to release 45 %, 16 % and 8% of its cargo, corresponding 

to 0.49, 0.18 and 0.09 mgI2 mgcomposite
−1 respectively. Note here that, although I2@UiO-

66 releases much less iodine than I2@AuNR@SiO2@UiO-66 upon NIR irradiation, it 

releases more iodine than that expected for the negligible photothermal properties of 

pristine UiO-66. This behavior is due to the intrinsic photothermal properties of iodine, 

which leads to I2@UiO-66 to be heated up to 120ºC, 90 ºC and 44 ºC when irradiated at 

an intensity of 1000, 224 and 52 mW/cm, respectively. 

 

2.3. Integration of Au@SiO2@UiO-66 microbeads into PVDF films 

Having confirmed the iodine triggered release of our composite, we then sought out to 

integrate it into a polymeric film with the aim to fabricate a coating for antifouling and 

antibacterial applications with triggered sterilization. To do so, we encapsulated 

AuNR@SiO2@UiO-66 microbeads into a polyvinylidene difluoride (PVDF) film using a 

procedure previously reported.25 In a typical synthesis, the necessary amount 

 

Figure 9 Iodine release of the loaded I2@UiO-66 (black) and I2@Au@SiO2@UiO-66 (red) 

microbeads without laser irradiation. Zoomed in graph on the inset image. 
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AuNR@SiO2@UiO-66 microbeads [10%, 30% and 50% (w/w)] were dispersed in a PVDF 

solution in DMF and drop-casted onto a glass surface. The DMF was evaporated by 

placing the glass slide an oven set to 140 ºC for 30 min. The fabricated films were then 

thoroughly washed with methanol and dried under vacuum overnight. For comparison, 

we also prepared a PVDF film without AuNR@SiO2@UiO-66 microbeads using the same 

synthetic methodology. FE-SEM imaging of the film cross-section revealed the formation 

of films (Figure 10a) with a thickness of 140 µm, in which the AuNR@SiO2@UiO-66 

microbeads retained their morphology and were homogeneously dispersed throughout 

(Figure 10b-e). Moreover, PXRD analysis of the three films containing the microbeads 

revealed that their crystalline structure was not affected during the film formation 

process (Figure 10f). Quantification of the exact mass percentage of AuNR@SiO2@UiO-

66 microbeads inside the films was carried out by ICP-MS analysis, from which a content 

of 8 %, 25 % and 46 % (w/w) was found for the films fabricated with 10%, 30% and 50% 

of microbeads, respectively. 

To evaluate the iodine uptake of these films (Figure 11a), we started measuring the 

capacity of a 2 cm2 bare film (not containing the composite microbeads) to adsorb iodine 

using the same procedure as described for AuNR@SiO2@UiO-66 microbeads, in which 

iodine loading was quantified by TGA analysis (Figure 12). We found that it barely 

adsorbs iodine (0.5 mgI2/gfilm). On the contrary, iodine loading experiments performed 

on 2 cm2 films containing 8 %, 25 % and 46 % of microbeads showed sorption capacities 

of 12, 159 and 434 mgI2/gfilm, respectively (Figure 11b), which correspond to 17 %, 71 % 

and 105 % of the expected values (72, 225 and 414 mgI2/mgfilm) according to the 

percentage and maximum iodine adsorption of AuNR@SiO2@UiO-66 microbeads within 

the films. These results confirm that AuNR@SiO2@UiO-66 microbeads can adsorb iodine 

even when encapsulated into the PVDF films. However, this adsorption is more efficient 

for the films with higher content of microbeads. We attributed this behavior to the fact 

that more interfacial voids between the polymer and composite beads can be formed in 

films with higher content of microbeads increasing their permeability. This phenomenon 

has already been observed in MOF-based mixed-matrix membranes, in which the  
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Figure 10. (a-c) FE-SEM of the cross-section of the films containing 25% of Au@SiO2@UiO-66 

microbeads. In (c), the microbeads are highlighted in light blue to better visualize their 

encapsulation. (d,e) FE-SEM of the cross-section of the films containing 8% (d) and 46% (e) of 

Au@SiO2@UiO-66 microbeads. (f) PXRD of a pristine PVDF film (black), AuNR@SiO2@UiO-66 

microbeads (purple), and films containing 8% (red), 25% (blue) and 46% (green) of 

Au@SiO2@UiO-66 microbeads. Scale bars: 200 µm (a), 50 µm (b), 5µm (c) 50 µm (d) and 50 

µm (e). 
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formation of interfacial voids arising from poor adhesion of the polymer matrix and 

porous filler particles are typically observed.[31] This is also consistent with a decrease of 

the temperature required to fully desorb the iodine from the films: 240 ºC for the film 

with 8 % of microbeads; 220 ºC for the film with 25 % of microbeads; and 200 ºC for the 

film with 46 % of microbeads (Figure 12). In fact, this later value is very similar to that 

observed for the bare AuNR@SiO2@UiO-66 microbeads (190 ºC), which agrees with the 

presence of more interfacial voids or hierarchical porosity in the films.  

 

Figure 11. (a) Picture of the films containing different concentrations of Au@SiO2@UiO-66 

microbeads before (top) and after (bottom) loading with iodine. (b) Adsorption isotherm of 

iodine at 75 ºC for the films containing of 8% (red), 25% (blue) and 46% (green) of 

Au@SiO2@UiO-66 microbeads. (c,d) Light triggered iodine release profiles for the films 

containing of 8% (red), 25% (blue) and 46% (green) of Au@SiO2@UiO-66 microbeads under 

irradiation intensities of 224 mW/cm (c) and 52 mW/cm (d). 



Chapter 5 

149 
 

 

We then studied the triggered release of iodine from the three films utilizing the same 

methodology used for I2@AuNR@SiO2@UiO-66 microbeads. To this end, the films 

containing different percentages of microbeads were independently placed inside the 

TGA setup, allowed to stand undisturbed for 10 min to stabilize their weight, and finally 

irradiated at 224 and 52 mW/cm for 35 min while recording their weight loss. For 

comparison purposes, we also recorded their weight loss without irradiating them, from 

which only 3-4% (0.4 mgI2/gfilm
 for the film with 8% of microbeads; 6 mgI2/gfilm

 for the film 

with 8% of microbeads; and 14 mgI2/gfilm
 for the film with 46% of microbeads) of iodine 

was released after 35 min. Note here that, without irradiation, films containing 25% and 

46% of microbeads showed a slow and prolonged release (Figure 13), liberating ~ 50% 

of their total iodine content over two months.  This release was faster for the first month, 

after which the films containing 25% and 46% of microbeads released on average 0.2 

mgI2/gfilm and 0.4 mgI2/gfilm per day, respectively, thus confirming a slowly and passively 

release of iodine at low-concentration over time. 

 

Figure 12 TGA curves of the films loaded with iodine with an Au@SiO2@UiO-66 microbeads 

content (w/w) of 0% (black), 10% (red), 30% (blue) and 50% (green). 
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Upon NIR irradiation at 224 mW/cm, the films incorporating 8%, 25% and 46% of 

microbeads released a maximum of 28%, 27% and 30% of their total loaded iodine, 

respectively (Figure 11c). These percentages correspond to 4, 44 and 121 mgI2/gfilm. Upon 

irradiation at 52 mW/cm, the maximum release was found to be 17% of the total loaded 

iodine (2 mgI2/gfilm) for the film with 8% of microbeads; 18% (29 mgI2/gfilm) for the film 

with 25 % of microbeads; and 17% (73 mgI2/gfilm) for the film with 46 % of microbeads 

(Figure 11d). In all these films, these results obtained represent nearly 63% of the 

expected release according to their contents of Au@SiO2@UiO-66 microbeads. This 

lower release under the same irradiation conditions compared to the pure 

 

Figure 13 Iodine release over time of the films with 46% (a) and 25% (b) (w/w) content in 

Au@SiO2@UiO-66 microbeads without laser irradiation 
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Au@SiO2@UiO-66 microbeads is somehow expected due to the diffusion barrier caused 

by the polymeric films.  

Once demonstrated that I2@AuNR@SiO2@UiO-66 microbeads can trigger the release of 

iodine via NIR light even when incorporated into polymer films, we studied the possibility 

of controlling such release via repetitive turn on/off experiments. To this end, two films 

containing 25% of I2@AuNR@SiO2@UiO-66 microbeads were irradiated at 224 and 52 

mW/cm for 1 min, after which the light was turned off for 3 min. This on-off cycle was 

repeated a total of 50 times. For both intensities, these films demonstrated an “on-off” 

controlled stepwise release of iodine (Figure 14a and Figure 14c).  

 

 

Figure 5. (a) “On-off” controlled stepwise release of iodine in a film containing 25% of 

AuNR@SiO2@UiO-66 microbeads irradiated with a NIR light at an intensity of 52 mW/cm. (b) 

Zoomed view of this stepwise release after its stabilization at cycle 15. (c) “On-off” controlled 

stepwise release of iodine in a film containing 25% of AuNR@SiO2@UiO-66 microbeads 

irradiated with a NIR light at an intensity of 224 mW/cm. (b) Zoomed view of this stepwise 

release after its stabilization at cycle 15. 
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Indeed, the release of iodine from the films was activated once the NIR light was turned 

on, whereas its release was slowed down once the light was turned off. The trend of this 

“on-off” stepwise release was similar for both intensities. We found a burst release in 

the first cycle (i.e. 0.016 and 0.006 mgI2/mgfilm at 224 and 52 mW/cm, respectively), after 

which iodine release was gradually decreased until stabilized after cycle 15. After this 

cycle, the release of iodine was kept constant to 0.17-0.16 mgI2/gfilm at 224 mW/cm and 

0.09-0.08 mgI2/gfilm at 52 mW/cm for the rest of the cycles (Figure 15b and Figure 15d).  

5.2.2 Antibacterial activity 

The antibacterial activity of UiO-66 and AuNR@SiO2@UiO-66 microbeads and composite 

films was initially investigated by the disk diffusion method. Both UiO-66 and 

AuNR@SiO2@UiO-66 microbeads without iodine did not impair the growth of 

Escherichia coli and Staphylococcus aureus even under irradiation with NIR light. On the 

contrary, well-defined inhibition growth zones were observed with UiO-66 and 

AuNR@SiO2@UiO-66 microbeads loaded with iodine, with and without NIR irradiation. 

The diameters of inhibition growth zone were higher in S. aureus (gram-positive 

bacteria) ranging from 31 to 33 mm compared with those of 24 to 26 mm for E. coli 

(gram-negative bacteria). There were no significant differences between loaded I2@UiO-

66 or I2@AuNR@SiO2@UiO-66 products (Figure 16). Notably, the growth inhibition 

shown with both materials were higher than that produced by povidone-iodine (usual 

antiseptic with a broad spectrum of antimicrobial activity) at similar amounts of iodine, 

with diameter zones between 7 to 10 mm in E coli and S. aureus, respectively (data not 

shown). Additionally, we also demonstrated that films with a different percentage of 

composite (8, 25, and 46%) loaded with iodine and tested on E. coli cultures produced 

inhibition zones, which are higher as increasing the proportion of composite with iodine 

(Figure 17). These results demonstrated the capacity of iodine to be released from UiO-

66 or AuNR@SiO2@UiO-66 microbeads either in solid state or when incorporated in the 

films through the agar layer in a long-lasting way during the overnight incubation at 37oC. 

However, we also found that NIR light did not enhance the effect of AuNR@SiO2@UiO-

66 composites loaded with iodine. This behaviour is somehow expected as, in these 

experiments, we only evaluated the antibacterial activity of iodine release through 

diffusion along the agar inoculated with bacterial suspensions, and not the activity of the 

iodine released through the air via passive or light-triggered ways.  
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Figure 16. Inhibition growth zones due to I2@UiO-66 (a, b) and I2@Au@SiO2@UiO-66 (c, d) 

solids of E. coli (a, c) and S. aureus (b, d) cultures after NIR light irradiation (left) or without 

NIR light (right). Ø: diameter of halo of inhibition; disc diameter: 6 mm. 
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Figure 17. Inhibition growth zones due to composite films with 8% (a), 25% (b), and 46% (c) 

Au@SiO2@UiO-66 loaded with iodine on E. coli cultures after NIR light irradiation (left) or 

without NIR light (right). Ø: diameter of halo of inhibition; film size: square 1 x 1 cm. 
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To solve this problem and be able to evaluate the passive and light-triggered 

antibacterial performances of the composite films as a consequence of the iodine 

released through the air (via sublimation), we designed a new experiment that consisted 

on placing each composite film (size: 1 cm2) containing either 8% or 25% of 

AuNR@SiO2@UiO-66 microbeads loaded with iodine over a plate cover and putting the 

agar plate inoculated with bacterial suspensions face down on it. The distance between 

the composite films and the agar plates was around 1 cm. At this moment, three 

different experiments were performed. First, both plates were incubated together at 

37oC for 18 h to evaluate the antibacterial performance as a consequence of the passive 

iodine release (Figures 18a). Second, NIR light at an intensity of 224 mW/cm was applied 

on the composite film for 5 min. Then, the composite film was immediately removed, 

and the culture agar plate was sealed with parafilm and incubated at 37oC for 18 h 

(Figures 18c). And third, this latter experiment was repeated without irradiating the 

composite film with NIR light (Figures 18b). Both last experiments were designed to 

evaluate the antibacterial performance as a consequence of the light-triggered release 

of iodine. Moreover, control experiments using composite films without iodine and 

without irradiation were included as controls.  

From these experiments, we observed that the passive release of iodine via sublimation 

was effective to inhibit the growth of both E coli (Figure 18a,d) and S. aureus (Figure 

19a,d). Moreover, we could also observe the positive effect of the light-triggered release 

of iodine in the growth inhibition of both bacteria, in which the diameter zones found 

when the composite films were irradiated with NIR light were in all cases higher than 

those observed in the non-irradiated ones. It is also noteworthy that the antibacterial 

effect of the irradiated composite films enhanced with the increasing the content of 

AuNR@SiO2@UiO-66 microbeads loaded with iodine Here, the antibacterial effect was 

higher on S. aureus than E. coli with the films with 8% (w/w) AuNR@SiO2@UiO-66 

microbeads. However, these differences were not so evident for MOF films with 25% 

(w/w) AuNR@SiO2@UiO-66 microbeads. Altogether, these   results confirmed the 

effective passive, long lasting antibacterial performance of our composite film against 

gram-positive and gram-negative bacteria and that this performance can be enhanced 

via light irradiation.  



Chapter 5 

156 
 

 

 

Figure 18. (a-c) Schematic illustrations of the three experiments performed to study the 

passive (a) and light-triggered (b,c) antibacterial performance of the composite films. (d-i) 

Corresponding inhibition growth zones of E. coli cultures produced in composite films 

containing 8% (d-f) and 25% (g-i) (w/w) of AuNR@SiO2@UiO-66 microbeads loaded with 

iodine. Left (d,g) images result from the coincubation of both composite film and agar plate 

inoculated with E. coli. Central (e,h) and right (f,i) images result from the incubation of the 

agar plate inoculated with E. coli once the composite films were removed. The composite 

films were irradiated in (f,i). Ø: diameter of halo of inhibition. 
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5.3 Experimental procedure 

5.3.1 Materials and methods 

Zirconium (IV) propoxide solution (70% (w/w)) in 1-propanol, terephthalic acid, gold(III) 

chloride hydrate, tetraethyl orthosilicate, glacial acetic acid, sodium hydroxide, 

cetyltrimethylammonium bromide, sodium borohydride, silver nitrate, ascorbic acid and 

ammonia solution in ethanol were purchased from Sigma Aldrich. DMF, methanol, 

ethanol, sulfuric acid and acetone were purchased from Fisher Scientific. All the reagents 

were used without further purification. Deionized water, obtained with a Milli-Q® system 

(18.2 MΩ cm), was used when required. Powder X-ray diffraction (PXRD) patterns were 

collected on an X'Pert PRO MPDP analytical diffractometer (Panalytical) at 45 kV and 40 

 

Figure 19. Inhibition growth zones of S. aureus cultures produced in composite films 

containing 8% (d-f) and 25% (g-i) (w/w) of AuNR@SiO2@UiO-66 microbeads loaded with 

iodine. Left (d,g) images result from the coincubation of both composite film and agar plate 

inoculated with S. aureus. Central (e,h) and right (f,i) images result from the incubation of the 

agar plate inoculated with S. aureus once the composite films were removed. The composite 

films were irradiated in (f,i). Ø: diameter of halo of inhibition. 
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mA using CuKα radiation (λ = 1.5419 Å). Nitrogen adsorption and desorption 

measurements were collected at 77 K using an ASAP 2460 (Micromeritics). Temperature 

for N2 isotherms measurement was controlled by using a liquid nitrogen bath.  FE-SEM 

images were collected on a Magellan 400 L scanning electron microscope (FEI) at an 

acceleration voltage of 5.0 KV. TEM images were collected on a Tecnai G2 F20 

microscope (FEI) at 200 KV. ICP-MS experiments were performed on an Agilent 7500. 

Laser irradiation was performed utilizing a Lasiris Powerline 810 (Coherent). Thermal 

imaging was obtained using a PI 450 (Optris) infrared camera. ICP-MS measurements 

were performed on an Agilent 7500. TGA were performed on a Perkin-Elmer-TGA-

8000G, under nitrogen atmosphere. 

5.3.2 Synthesis of AuNRs 

AuNRs were synthetized through a seed-mediated growth procedure adapted from the 

literature.35 In a typical procedure, 273.4 mg of CTAB were dissolved in 7.5 mL H2O under 

magnetic stirring into a 15 mL scintillation vial. 2 mL of a HAuCl4 (24 mM) solution was 

then added to the CTAB solution and the mixture was stirred for 10 s. Afterwards, 0.6 

mL of an ice-cold NaBH4 (10 mM) was added and the mixture was stirred at 600 rpm for 

2 min. Finally, the magnetic bar was removed, and the seed solution was allowed to react 

for 3 h at 28 ºC. In parallel, 437.4 mg CTAB was dissolved in 10 mL of H2O under magnetic 

stirring inside a 20 mL scintillation vial. Then, in a sequential order, 204 µL of a HAuCl4 

(24 mM) solution, 0.2 mL of an H2SO4 (0.5 M) solution, 75 µL of an AgNO3 (0.01 M) 

solution and 80 µL of an ascorbic acid (0.1 M) solution were added into the CTAB solution 

with 10 s stirring in-between. Finally, 24 µL of the above-prepared seed solution was 

added into this later mixture, and vigorously stirred for 30 s. The magnetic bar was 

removed, and the resulting mixture was left reacting at 28 ºC for 12 h. After reaction 

completion, the resulting AuNRs were separated through centrifugation and washed 

twice in Mili-Q water to remove excess of CTAB.  

5.3.3 Coating of AuNRs with a silica shell 
The silica shell coating of AuNRs was done following reported procedures with some 

modifications.36,37 The synthetized AuNRs were dispersed in 10 mL of aqueous 0.6 mM 

CTAB solution, and the resulting mixture was stirred for 12 h. The pH of the AuNR 

dispersion was then adjusted to 10.0 - 10.4 using an aqueous NaOH solution 0.1 M, and 

the mixture was stirred for 30 min. Afterwards, 90 μL of freshly prepared 20% (v/v) TEOS 

in MeOH was added, and the resulting solution was stirred gently at 70 rpm for a further 

30 min. Finally, the magnetic bar was removed, and the reaction mixture was left at 28 

ºC overnight. The obtained silica coated rods (called as AuNR@SiO2) were washed three 
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times by centrifuging and redispersing in ethanol. The resulting silica shell coating was 

confirmed by FE-SEM/TEM imaging to be 17 ± 2 nm. The silica shell coating was widened 

by concentrating the AuNR@SiO2 into a volume of 2 mL of EtOH and redispersed under 

mild stirring into a 40 mL ethanol solution that contained 1.2 mL of an ethanoic NH4OH 

28% and 200 µL of TEOS 100 mM. The mixture was left under mild stirring overnight. 

Finally, the obtained Au@SiO2 were washed three times with methanol, three times with 

DMF and finally redispersed in 2 mL DMF and stored in a fridge until use.  

5.3.4 Synthesis of AuNR@SiO2@UiO-66 composite microbeads  

AuNR@SiO2@UiO-66 microbeads were synthesized using a previously reported spray-

drying method with slight modifications.38 Briefly, terephthalic acid (1 mmol, 166 mg), 

glacial acetic acid (4 mL), the dispersion of AuNR@SiO2 particles in DMF (2 mL) and a 

70% (w/w) solution of zirconium (IV) propoxide (Zr(OPrn)4) in 1-propanol (1 mmol, 309 

µL) were sequentially added to a flask containing 10 mL of DMF. The resulting mixture 

was injected into a coil-flow reactor (inner diameter: 3 mm) at a feed rate of 2.4 mL/min 

at 115 ˚C. The resulting pre-heated solution was then spray-dried at 180 ˚C, at a flow 

rate of 336 mL/min, using a B-290 Mini Spray-Dryer (BUCHI Labortechnik; spray cap hole 

diameter: 0.5 mm). The resulting AuNR@SiO2@UiO-66 microbeads were dispersed in 

DMF, washed twice with DMF and ethanol and finally, dried for 12 h at 85 °C under 

dynamic vacuum overnight. The percentage of AuNR@SiO2 nanoparticles into the 

microbeads was determined by ICP-MS and was found to be 9 % w/w. This synthetic 

procedure was repeated without adding the dispersion of AuNR@SiO2 particles to form 

pristine UiO-66 microbeads.  

5.3.5 Fabrication of films containing AuNR@SiO2@UiO-66 microbeads 
All films were prepared following a previously reported procedure with slight 

modifications.25 To fabricate the films containing 8%, 25% and 46% of AuNR@SiO2@UiO-

66 microbeads, 25, 75, and 125 mg of these microbeads were thoroughly dispersed into 

0.125, 0.375, and 0.625 mL of DMF and sonicated for 15 min. Simultaneously, 225, 175, 

and 125 mg of PVDF were dissolved in 1.125, 0.875 and 0.625 mL of DMF by heating at 

60 ºC. For each proportion, both solutions were mixed and stirred for 20 min, and the 

resulting mixture was drop-casted onto a glass surface, and placed inside an oven 

preheated to 140 ºC for 30 min. The resulting films were detached from the glass slide 

by submerging them in water and placed inside an autoclave filled with methanol. After 

a solvent exchange at 85 ºC overnight inside the autoclave, the clean films were 

recovered and dried under dynamic vacuum at 85 ºC.  
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5.3.6 Photothermal activity 

The photothermal activity of synthesized microbeads was checked with a thermal 

camera by irradiating them at 1000, 224 and 52 mW/cm, which corresponded to a 

distance between the laser and the microbeads of 2 cm, 7 cm and 15 cm, respectively.  

5.3.7 Iodine uptake  

The adsorption studies were done by introducing 6 mg of microbeads or a 2 cm2 film and 

10 mg of elemental iodine into two different glass tubes (previously weighted to know 

their exact mass) with one end sealed. Then, both containers were introduced inside a 

scintillation vial purged with argon to remove any moisture that could interfere with 

gravimetric measurements. The vial was then heated up to 75 ºC inside an oven for 20 

h. At different periods of time, a small amount of microbeads or a small piece of the film 

were taken from the vial, and the uptake of iodine in each one of the samples was 

determined by TGA.  

5.3.8 Iodine triggered release  
In a typical experiment, 0.3 mg of microbeads or a small piece (~ 1 mg) of a film loaded 

with iodine were placed inside a TGA pan and loaded into the equipment. At this 

moment, the temperature of the TGA equipment was fixed at 30 ºC. The samples were 

then left for 10 min to stabilize the measurement. Afterwards, the samples were 

irradiated for 35 min under NIR light at intensities of 1000, 224 and 52 mW/cm, and the 

weight loss recorded. The experiments were repeated three times for each sample. 

5.3.9 On/off stepwise triggered release  

On/off experiment was carried out by placing a small piece (~ 1 mg) of a film loaded with 

iodine into a TGA pan. At this moment, the temperature of the TGA equipment was fixed 

at 30 ºC. The film was then left for 10 min to stabilize the measurement. Afterwards, the 

film was irradiated for 1 min under NIR light at intensities of 224 and 52 mW/cm, after 

which the laser was turned off for 3 min. In this process, the weight loss was continuously 

recorded. This on/off cycle was repeated a total of 50 times. 

5.3.10 Antibacteriological experiments 

A bacterial suspension of E. Coli or S. Aureus (108 cfu/mL) was spread on agar plates 

before starting the experiments. Then, a set of tree agar plates for each bacteria were 

prepared with a 1 cm2 piece of film (25% (w/w) contents of microbeads) loaded with 

iodine placed under. One of the films was irradiated for 5 minutes with an intensity of 

224 mW/cm2, then removed from under the plate. As control experiments, one film was 
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left 5 minutes under the plate, then removed, and the last plate was left with the film 

inside. All plates were incubated for 18 hours at 37 ºC. The whole experiment with both 

bacteria was repeated with 8% (w/w) films. 

5.4 Conclusions 
In this chapter, we designed and synthesized a three-component composite consisting 

on the incorporation of AuNRs, previously coated with a SiO2 shell, into microbeads of 

the MOF UiO-66, which enable storing and releasing iodine in a slow passive and a fast 

light-triggered way in solid state.  The synthesis of this AuNR@SiO2@UiO-66 composites 

was carried out by the scalable and continuous flow spray-drying methodology, allowing 

for an easy and homogeneously distribution of the encapsulated photoactive 

AuNR@SiO2 nanoparticles throughout the microbeads. In this design, we found that the 

silica coating around the AuNRs is essential to synthesize a long-life composite as bare 

AuNRs were degraded upon exposure to iodine. In this composite, the microporous UiO-

66 is responsible to adsorb and store iodine at concentrations of up to 0.9 

mgI2/mgcomposite as well as to release of iodine passively over time, whereas the 

photoactive AuNR@SiO2 enables reaching a temperature up to 274 ºC under NIR-light 

irradiation, prompting the active release of encapsulated iodine. Furthermore, the fast 

heating and cooling of AuNR@SiO2@UiO-66 composite allowed for precise “on/off” 

release of iodine. We then showed that these AuNR@SiO2@UiO-66 microbeads can be 

incorporated at different concentrations into organic polymers for developing iodine-

based antibacterial films that retain the iodine adsorption capacity and both ways of 

release. In these composite films, iodine could be efficiently adsorbed and stored after 

its fabrication. Moreover, passive iodine release of these films demonstrated a steady, 

slow desorption of iodine with ~50% of the total iodine being released in a period of two 

months. On the contrary, light-triggered release demonstrated a faster release of 30% 

of the total iodine in 35 minutes. Finally, the passive and light-triggered antibacterial 

performance of these composite films was confirmed against S. aureus (gram-positive) 

and E. coli (gram-negative), opening the way to develop new smart prophylactic 

coatings. 
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General Conclusions 
 

The driving thematic of this thesis has been to enhance the properties of existing MOFs 

by combining them with different functional materials, and thus create composites with 

improved and/or new fuctionalities to best suit a particular application.  

Initially, we synthetized INPs@MOF composites by combining UiO-66 and UiO-66-(SH)2 

MOFs with CeO2 and Fe3O4 INPs. The encapsulated INPs bestowed the MOFs of 

enhanced adsorption for As(III) and Cr(VI) ions as well as a new functionality in the form 

of magnetism. These composites were synthetized utilizing the spray-drying 

methodology, which allows for a continuous-flow, scalable synthesis well suited for 

industrial scale-up. Furthermore, this synthetic method permited the simultaneous 

encapsulation of several functional materials into cohesive MOF composite microbeads, 

which we showcased with the simultaneous encapsulation of CeO2 and Fe3O4 INPs. Later, 

we performed an extensive study of the metal capture properties of all synthetized 

composites both in single ion and multi-ion adsorption. Throughout the whole study, the 

stability and performance degradation of the composites was monitored to ascertain 

their durability. The best performing microbeads, CeO2@UiO-66-(SH)2, were then 

studied in the remediation of simulated water samples of real-life polluted Buriganga 

and Bone Rivers as well as a real sample from the Sarno River. This composite was also 

incorporated into a prototype fixed-bed filtration column in order to evaluate its 

capabilities in continuous-flow operation. Under continuous-flow experiments, 

CeO2@UiO-66-(SH)2 microbeads could purify the river-water samples reducing their 

pollutant concentration to meet the WHO requirements. Finally, to round up the study, 

we demonstrated this composite could be easily regenerated with a mild acid solution 

wash and perform 10 adsorption-desorption cycles with no apparent loss in 

performance. This study was the first introduction for the author to the challenges of 

studying a system in continuous-flow operation, learning the theory and how to perform 

breakthrough experiments of an adsorbent substrate.  

The following work involved the development of a product based on these MOF-based 

composites with real-life commercial potential. To this end, we selected the CeO2@UiO-

66 microbeads from the previous study as the best suited due to their superior cost-to-

performance ratio. Then, we shaped the CeO2@UiO-66 microbeads into a millimeter-

size granule by immobilizing the compositel into a PES sponge. Metal ion adsorption 

studies of the synthetized CeO2@UiO-66@PES granules were performed following the 
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guidelines of the NSF/ANSI 53-2019 “Drinking Water Treatment Units - Health Effects 

Standard”, which is the standard that commercial water filter products must fulfill in the 

USA. In order to make this study closer to real-live application, we utilized a water-filter 

pitcher commercialized by Brita®. Moreover, we combined the CeO2@UiO-66 

microbeads with activated carbon in the same ratio to that found between ion-exchange 

resin and activated carbon that are commercially present in the Brita® filters. The metal 

capture adsorptions revealed that the developed composite was able to meet the target 

reduction objectives of the NSF/ANSI 53-2019 standard for all studied metal ions. 

Furthermore, the CeO2@UiO-66/activated carbon filter outperformed the Brita® filter in 

the adsorption of As(III) and As(V). Finally, we demonstrated the resilience of our 

composite by monitoring that no degradation occurred during the duration of the 

filtrations, as well as performing several cycles of pollutant adsorption with no significant 

performance loss. This study was, to the best of our knowledge, the first time a MOF-

based product was evaluated following the same international standard experiments 

required for a commercial product. This multifaceted project reached beyond the 

experimental work in the lab. It introduced the author to the process involved in 

patenting an invention such as development of technical reports and market analysis. 

Finally, a MOF-based film for the adsorption and release of iodine with triggered active 

desorption based on photothermal activity was developed. This project started with the 

formation of UiO-66 microbeads with encapsulated AuNRs. These AuNRs were coated 

with a silica shell in order to protect them from iodine, since previous experiments 

showed that unprotected AuNRs were not stable under iodine adsorption conditions. 

The stability, iodine adsorption and triggered release of AuNR@SiO2@UiO-66 

microbeads was validated. The study was carried out using a custom setup fitted to a 

TGA equipment in order to have precise control of weight, temperature and atmosphere 

throughout the experiments. The results showed AuNR@SiO2@UiO-66 microbeads were 

able to adsorb 0.9 mgI2/mgcomposite and, thanks to the encapsulated AuNR@SiO2 

nanoparticles, the composite reached temperatures of up to 274 ºC under NIR-light 

irradiation prompting the triggered desorption of iodine. Once properly characterized, 

AuNR@SiO2@UiO-66 microbeads were integrated into a PVDF polymer film with 

different mass percentages. The iodine adsorption and release properties of the 

AuNR@SiO2@UiO-66 microbeads were retained after integration into the PVDF, which 

were confirmed in passive long term as well as active triggered release experiments. 

Finally, the antibacterial activity of the films was studied against both gram-positive and 

gram-negative bacteria with successful results. The in vitro studies were able to 

demonstrate the effectivity of the films, showcasing enhanced antibacterial activity with 
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the triggered release compared to the passive release. Overall, this work required the 

author to design and successfully apply many solutions to the challenges that aroused 

throughout the project, from synthetizing and improving the stability of the MOF 

composite to the precise monitoring of iodine adsorption and desorption.  

The results presented in this thesis demonstrate the potential of MOF-based composites 

as a viable alternative to traditional materials. Between the tunability of the MOF and 

the wide versatility of integrable functional materials, MOF-based composites can be 

designed and synthetized to display any desired set of properties to fit a particular 

application’s need. Furthermore, the spray drying methodology overcomes the main 

difficulty of synthetizing MOF-based composites, which is the integration of functional 

materials into a MOF structure. Thanks to this technique, many functional materials can 

easily be simultaneously incorporated into a cohesive composite. We hope the work 

presented in this thesis showcases the potential of MOF composites and can bring MOF-

based materials one step closer to successful incorporation into more real-world 

applications.  
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List of Acronyms 
 

Acronym Definition 

AHT Adsorption Heat Transformation 

ANSI American National Standard Institute 

BDBA Benzene-1,4-diboronic acid 

BDC Benzene dicarboxilate anions 

BET Brunauer-Emmett-Teller 

BPY 4,4’-bipyridine 

CFU Colony-Forming Unit 

CNTs Carbon nanotubes 

COF Covalent Organic Framework 

CSD Cambridge Structural Database 

DMF N,N-Dimethylformamide 

DMSO Dimethyl Sulfoxide 

DOE Department of Energy 

EDX Energy Dispersive X-ray Spectrometry 

FE-SEM Field Emission Scaning Electron Microscopy 

HAADF High-Angle Anular Dark Field 

H2BDC 1,4-benzendedicarboxilic acid 

ICN2 Catalan Institute od Nanoscience and Nanotechnology 
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ICP-MS 
Inductively Coupled Plasma spectroscopy coupled to 

Mass Spectrometry 

ICP-OES 
Inductively Coupled Plasma spectroscopy coupled to 

Optical Emission Spectroscopy 

INPs Inorganic Nanoparticles 

IRMOFs Isoreticular Metal-Organic Frameworks 

IUPAC International Union of Pure and Applied Chemistry 

MOF Metal-Organic Framework 

MWCNT Multi Walled Carbon Nanotubes 

PES Polyether Sulfone 

POM Polyoxo Metalate 

ppb Parts per billion 

PVDF Polyvinylidene  Fluoride 

RH Relative Humidity 

SBU Secondary Building Unit 

STP Standard Temperature and Pressure 

TEM Transmission Electron Microscopy 

TGA Thermogravimetric Analysis 

THT Tetrahydrothiophene 

TON Turnover Number 

WHO World Health Organization 

XRPD X-ray Powder Difraction 
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