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Abstract 

The experimental work that led to the development of this MSc thesis had as main 

goal the design of porous adsorbents based on metal-organic frameworks (MOFs) for 

application in water remediation systems, namely in heavy metal ion removal, since it 

has become one of the greatest concerns of the twenty-first century.  

The preparation of magnetic porous materials has also been addressed aiming at 

the increased processability and applicability of magnetic adsorbents in aqueous 

medium. 

Concerning the scope of this work, we prepared cobalt- and iron-based MOFs with 

different organic moieties, enabling the production of extended crystalline frameworks 

with distinct underlying topologies. Moreover, magnetic MOF-based materials were 

synthetized through different approaches.  

All materials were characterized by a myriad of well-established techniques, namely 

powder X-ray diffraction (PXRD), Fourier-transform infrared spectroscopy (FT-IR), 

thermogravimetric analysis (TGA), scanning electron microscopy/energy-dispersive X-

ray spectroscopy (SEM/EDS) and nitrogen adsorption/desorption isotherms. The set of 

data characterization led to the confirmation of their successful preparation and unveiled 

interesting flexible behaviours of some of the frameworks upon external stimuli.  

The adsorption capacity of each adsorbent material towards the removal of copper 

ions in aqueous solutions was investigated by varying important experimental 

parameters, such as adsorbent dosage, solution pH, contact time and initial 

concentration of copper. The studies enabled the evaluation of the effect of such 

parameters on the overall performance of the adsorption process. 

In general, the studied materials revealed to be promising adsorbents towards the 

removal of copper ions under mild acidic conditions. The adsorption performance of MIL-

88B(Fe) stands out, owing to its fast adsorption rate and higher maximum adsorption 

capacity in comparison to the other materials. Moreover, the adsorbents revealed great 

chemical stability when subjected to aqueous media as well as promising recycling 

performances, emphasizing their potential for practical applications. 

In conclusion, all the proposed goals of this project have been reached, by effectively 

synthesizing a wide range of morphologically distinct MOFs as well as magnetic MOF-

based materials. The adsorption capacity of the prepared materials has been studied for 

copper ions, proving their potential for applications in wastewater and/or natural water 

remediation.  
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Resumo 

O trabalho experimental desenvolvido no âmbito desta dissertação de mestrado teve 

como principais objetivos a preparação de materiais adsorventes com base em redes 

metalo-orgânicas (MOFs) e a sua subsequente aplicação no tratamento de águas 

residuais, nomeadamente na remoção de iões de metais pesados, pois têm vindo a ser 

numa das maiores preocupações do século XXI.  

A preparação de materiais porosos com propriedades magnéticas também foi um 

dos principais focos deste trabalho, dada à sua elevada aplicabilidade e 

processabilidade como adsorventes magnéticos em meios aquosos.  

No decorrer deste projeto, foram preparadas várias redes metalo-orgânicas com 

centros metálicos de cobalto e ferro coordenados a diferentes ligandos orgânicos, 

permitindo assim a formação de estruturas cristalinas com topologias distintas. Para 

além disso, também foram sintetizados materiais derivados de MOFs com propriedades 

magnéticas, através de diferentes metodologias. 

Todos os materiais preparados foram caracterizados por diversas técnicas 

experimentais, nomeadamente, a difração de raios-X de pós (PXRD), espectroscopia 

de infravermelho por transformada de Fourier (FT-IR), análise termogravimétrica (TGA), 

microscopia eletrónica de varrimento/ espectroscopia de raios-X por energia dispersiva 

(SEM/EDS) e isotérmicas de adsorção/desadsorção de azoto. O conjunto de dados de 

caracterização obtido permitiu confirmar que a preparação dos materiais foi bem-

sucedida, para além de revelar que algumas estruturas apresentam caráter flexível, 

quando sujeitas a estímulos externos. 

A capacidade de adsorção de cada material adsorvente na remoção de iões de 

cobre em soluções aquosas foi estudada através da variação de parâmetros 

experimentais essenciais, tais como: massa de adsorvente, pH da solução, tempo de 

contacto e concentração inicial de cobre, permitindo assim avaliar o seu efeito no 

desempenho global do processo de adsorção. 

De forma geral, os materiais estudados revelaram ser adsorventes promissores para 

a remoção de iões de cobre sob condições moderadamente ácidas. O desempenho do 

MIL-88(Fe) destacou-se em comparação aos outros materiais estudados, devido à sua 

rápida adsorção e elevada capacidade máxima de adsorção. Para além disso, todos os 

adsorventes mostraram ótima estabilidade química e reutilização promissora, 

evidenciando assim o seu potencial para aplicação em larga escala. 

Posto isto, conclui-se que todos os objetivos deste projeto foram atingidos, tendo 

sido possível sintetizar vários MOFs morfologicamente distintos, bem como materiais 

magnéticos baseados em MOFs. A capacidade de adsorção dos materiais preparados 
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foi avaliada para a remoção de iões de cobre, tendo assim demonstrado o seu potencial 

para a aplicação na remediação de águas residuais e/ou naturais. 

 

Palavras-chave: redes metalo-orgânicas; materiais de carbono derivados de MOFs; 

adsorção; adsorventes magnéticos; iões de metais pesados; remediação ambiental. 
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1. Contextualization 

 

1.1. Water pollution  

Water is widely regarded as the most essential natural resource to sustain life on 

Earth.1 Having access to potable water is a mandatory requirement for human 

development and well-being.2 However, the most challenging problems that humanity is 

facing in the twenty-first century are related to water quantity and/or water quality issues.3  

Human activities have always produced waste, and this was not a major problem 

when the human population was relatively small and nomadic, but since the advent of 

the industrial revolution these have generated a serious negative impact on the Earth’s 

ecosystem.4 The combination of several factors such as: rapid and continuous growth of 

world population, the advancement of technology, fast industrialization, increase of 

energy and commodity consumption, and the modernization of developing countries led 

to unprecedented amounts of hazardous wastes threatening freshwater resources all 

over the world and consequently the sustainability of life on Earth.5-6  

Nowadays, the Earth’s water system is the natural resource that has been more 

affected by environmental pollution and overexploitation, which will persist and even be 

aggravated in the following decades due to climate change posing harmful risks to the 

whole environment (Figure 1.1).7  

 Currently, more than 

one third of the global 

population is living in areas 

where water is scarce or/and 

do not have access to safe 

drinking water leading to 

severe effects on human 

health.7 There are some 

alternatives to obtain 

freshwater such as from 

groundwater or through 

desalination of seawater. 

However, the technologies 

required are not yet 

affordable for the majority of 

Figure 1.1. Anthropogenic sources of water contamination in the 

hydrologic cycle. Adapted from 5. 
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the world, besides that overexploitation of aquifers together with the rise of sea level can 

lead to groundwater contamination by saltwater.5 

The most sustainable alternative to circumvent the world’s water crisis is to develop 

technologies for an efficient removal of contaminants from water, which will allow 

wastewater recovery/reuse and environmental preservation, contributing to the re-

establishment of the planet’s environmental balance.5 

1.1.1. Water Contaminants 

According to the United States Environmental Protection Agency (EPA)8, a 

contaminant is defined as any physical, chemical, biological or radiological substance 

present where it would not normally occur or at concentrations above natural background 

but not necessarily harmful to the surroundings. Pollutants are contaminants that cause 

or can cause adverse effects in the environment and consequently to the natural 

development of living beings.9 All water resources contain contaminants, that can be 

from natural sources, particularly inorganic substances that arise from geological strata 

through which water flows and volcanic activities, or from anthropogenic sources, such 

as by-products of industrial (mining, chemical, battery, metallurgical, textile dyes), 

agricultural and domestic waste.10-11  

Water pollutants can be categorized as organic, biological or inorganic substances 

and are present either in solvated, colloidal or in suspended form.12 Organic pollutants 

are a wider family than inorganic contaminants, and the most common organic 

contaminants found in water include dyes, detergents, oils, pesticides (insecticides, 

herbicides and fungicides), polycyclic aromatic hydrocarbons, pharmaceuticals and 

personal care products. Even though some of these pollutants might be biodegradable, 

the large amount of continuous production/discharge in modern societies makes them 

pseudo-persistent in our environment.13  

Biological contaminants include different types of microbes that are responsible for 

several serious diseases. The most harmful microbes present in wastewaters include 

bacteria, fungi, algae, viruses, amoeba, plankton and other worms.12  

Inorganic contaminants include oxyanions/cations, metal ions and radioactive 

substances.14 This type of pollutants, specially the heavy metals and radionuclides 

represent a major concern to the ecosystems due to their persistency in the environment 

and high toxicity even at low concentrations. Owing to their charged nature, these 

substances are highly soluble in water making them extremely bioavailable and liable to 

bioaccumulation in the human body and food chain leading to severe chronic diseases.15-

16 Hence, the removal of these substances from effluents before discharging wastewater 

to the environment is a subject of extreme importance.17 Table 1.1 summarizes some of 
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the main anthropogenic sources, their adverse effects on human health and the safety 

standard levels of several toxic heavy metals.  

Table 1.1. Significant anthropogenic sources, health effects and MCL standards of heavy metals. 

Heavy 
metal 

Industrial source18-20 Health effects10, 18-20 
MCLa 

(mg/L)2, 19  

As 
Metal refineries 

Electronics 
Paints and pigments 

Skin and vascular diseases, 
visceral cancer 

0.010 

Cd 

Mining 
Metal refineries 

Electronics 
Batteries 

Renal failure, carcinogenic, 
respiratory, and gastrointestinal 

diseases, bone damage, anaemia, 
Itai-Itai disease 

0.003 

Cr 

Electroplating 
Mining 

Metal refineries 
Fertilizers 

Electronics 
Paints and pigments 

Carcinogenic, genotoxic, alopecia, 
nausea, headache, skin 

inflammation, liver and kidney 
damage, pulmonary congestion 

0.05 

Cu 

Mining 
Metal refineries 
Printing circuit 
Electroplating 

Paints 

Liver and kidney damage, 
carcinogenic, irritation in the 

gastrointestinal tract, lethargy, 
anaemia, hair loss 

2 

Hg 

Batteries 
Paper and pulp 

Electronics 
Manures sewage 

Neurobehavioral disorders and 
developmental disabilities, kidney 
disease, rheumatoid arthritis, and 

circulatory disorder 

0.006 

Ni 

Mining 
Metal refineries 
Landfill leachate 

Electroplating 
Batteries 

Dermatitis, chronic asthma, 
carcinogenic, pulmonary fibrosis, 

renal edema, gastrointestinal ache, 
náusea, anaphylaxis 

0.07 

Pb 

Fertilizers 
Metal refineries 

Explosives 
Electronics 
Batteries 

Paints and pigments 

Renal failure, nervous system 
damage, carcinogenic, circulatory, 

and muscular disorders 
0.01 

Zn 

Mining 
Fertilizers 

Metal refineries 
Paper and pulp 
Electroplating 

Batteries 
Paints and pigments 

Skin inflammation, fever, nausea, 
anaemia, lethargy, depression 

0.80 

a Maximum contaminant level (MCL): The maximum concentration of a contaminant that 

is permitted in drinking water. 
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1.1.2.  Wastewater treatment techniques 

The main objective of wastewater treatment is to reduce the amount of specific 

pollutants to the level at which the discharge of the effluent will not adversely affect the 

environment or the health of living beings. Water treatment plants rarely contain a single 

method, instead they typically have a combination or sequence of methods which 

depends on the quality of the untreated water and the desired quality of the treated 

water.21 At present, unit operations and techniques are combined to provide primary, 

secondary and tertiary water treatment in a typical wastewater treatment plant (Figure 

1.2).22  

Primary treatment is normally 

applied when water is highly 

polluted and involves physical 

processes such as screening and 

sedimentation methods to remove 

large floating materials, grit and 

sand, which could damage the 

equipment in the next steps.12, 22  

In the secondary treatment, 

much of the solid organic matter has 

been removed, but still contains 

high content of organic pollutants.22 

This step is a biological process that 

uses microorganisms, usually 

bacterial and fungal strains.12 If 

free dissolved oxygen is available 

in the wastewater, then aerobic decomposition processes occur, by aerobic and 

facultative bacteria, and the organic matter is converted into water and carbon dioxide.23 

If oxygen is not freely available, then anaerobic digestion occurs instead, in which 

anaerobic and facultative bacteria convert complex organic matter into simpler organic 

compounds based on nitrogen, carbon and sulphur.24 

The tertiary treatment is the final and most important step in which the wastewater is 

converted into good quality water and can be used for different purposes, e.g. human 

consumption, industrial, agricultural and medicinal.12 At present, several procedures 

have been applied at this stage depending upon the nature of the pollutants that are 

present in the wastewater. For the removal of inorganic contaminants, particularly heavy 

metal ions, the most common techniques are chemical precipitation, ion-exchange, 

Figure 1.2. Diagram of a complete wastewater treatment 

plant. Adapted from22. 
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membrane filtration, coagulation-flocculation, flotation, electrochemical treatment and 

adsorption.16, 20 Each of these methods has advantages and disadvantages that must be 

considered in order to select the most appropriate method or combination of different 

techniques to address a specific issue.  

1.1.2.1. Chemical precipitation  

Chemical precipitation is a widely used method to remove soluble ionic contaminants 

which involves alteration of the ionic equilibrium to produce insoluble precipitates by the 

addition of counter ions, that can be removed by coagulation and/or sedimentation or 

filtration.25 This is a common treatment technique employed in industrial scale 

applications, especially for the removal of heavy metal ions and water softening, but also 

for removal of anions such as phosphate, fluoride and cyanide.6 Most metals are 

precipitated as hydroxides, using calcium or sodium hydroxide, although other methods 

such as sulphide and carbonate precipitation are also used, by adding hydrogen or 

sodium sulphide and calcium carbonate, respectively.20, 25  

This technique has the advantage of being relatively inexpensive, simple to operate 

and useful for removing the bulk of the metal ions.26 However, its major disadvantages 

are the large volume of sludge produced with an excessive amount of precipitated metals 

which is difficult and expensive to treat and dispose, and is not efficient enough to remove 

the necessary metal ion content to meet the current water quality standards.20 

1.1.2.2. Ion exchange 

Ion exchange treatment is also an extensively used method for the removal or 

recovery of low concentration ionic contaminants dissolved in wastewater.27 This 

technique is based on the exchange of toxic ions present in solution with the non-toxic 

ions from an ion exchanger.12 Ion exchangers are resins, generally, made up of cross-

linked polymer matrices of natural or synthetic origin with functional groups attached 

through covalent bonding at the resin surface.20 Synthetic resins are usually preferred 

due to their efficiency to separate metal ions from solution and durability.28 The ion 

exchangers can be classified as cation or anion exchange resins, based on the functional 

groups attached to the polymer matrix. The most common cation exchangers are 

strongly or weakly acidic resins with sulfonic or carboxylic groups, respectively. The 

anionic exchangers can be strongly or weakly basic resins with quaternary amine 

functional groups, or tertiary/secondary amine groups, respectively.29 The main 

advantages of this technique are its selectivity, efficiency, and the reduced production of 

toxic sludge amount. However, its major drawbacks are the expensive equipment and 

maintenance required, especially when treating a large amount of wastewater.30-31 
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1.1.2.3. Membrane filtration 

Membrane filtration has received considerable attention for water treatment since it 

can remove not only suspended solid and organic compounds, but also inorganic 

contaminants such as heavy metals.18, 32 

There are different types of membrane processes commonly used in water 

purification, that can be pressure driven such as microfiltration, ultrafiltration, 

nanofiltration, reverse osmosis or electrically driven like electrodialysis.33 The main 

differences among the pressure driven methods are the membranes pore sizes, that can 

range from 0.1 µm (microfiltration) 34 to less than 1 nm (reverse osmosis)35, and the 

required operating pressure which tends to increase with the decreasing of pore size.36  

The nanofiltration and reverse osmosis are the most promising techniques for the 

removal of ion contaminants, but ultrafiltration can also be used with the addition of 

surfactants or polymers as complexing agents resulting in the formation of aggregates 

which are more easily retained by membranes, designated as micellar and polymer 

enhanced ultrafiltration, respectively.28, 37  

Electrodialysis separates ion contaminants under the influence of an electric 

potential.38 When an electrical potential difference is applied between the two electrodes, 

cations move towards the cathode while anions move towards the anode crossing ion-

selective membranes that retain the desired ionic contaminants.39 This method has 

proven to be a promising alternative for reverse osmosis and nanofiltration for the 

removal of heavy metals and in the production of potable water.16  

Reduced solid waste generation, low chemical consumption and possibility to be 

metal selective are some of the advantages of membrane filtration, although besides not 

being economically viable due to high maintenance and operational costs, the process 

complexity, membrane fouling and low permeate flux have also been identified as some 

of its disadvantages.16, 28  

1.1.2.4. Coagulation-flocculation  

Coagulation-flocculation is a two stepped process that is also one of the most applied 

technologies at industrial scale wastewater treatment.40 The first step is the coagulation 

process that consists in particles destabilization by adding coagulant agents (iron salts, 

alum and lime) that reduce the electrostatic forces between the particles.41 The 

coagulation is followed by flocculation, which is the action of flocculants (polyaluminium 

choride, polyferric sulfate or polyacrylamide) to induce agglomeration between the 

unstable particles in order to increase their size and create bulky floccules which can be 

removed by filtration.42 Although, this technique is applicable to large scale wastewater 

treatment, it lacks sustainability due to the operational costs involved and the production 
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of large amount of toxic sludge. Besides, conventional coagulants and flocculants are 

not efficient on the removal of heavy metal ions.28, 43 

1.1.2.5. Adsorption  

Adsorption has been recognized as an efficient technique for water treatment that 

can be applied for the removal of several organic and inorganic contaminants even at 

low concentrations.44 Adsorption is a mass transfer operation that involves the contact 

of a solid phase with a fluid phase (liquid or gas), leading to the accumulation of a 

substance at their interface, in this case at a solid-liquid interface.45 The solid on which 

adsorption occurs is known as adsorbent and the substance that accumulates at the 

interface is called adsorbate. The transference of the adsorbate from the liquid phase to 

the adsorbent surface will continue until the equilibrium between the amount of adsorbate 

adhered to the adsorbent surface and the remaining amount of adsorbate in solution is 

reached.46 Depending on the interactions that occur between the adsorbent and the 

adsorbate, the adsorption phenomenon can be classified into two types: chemical 

adsorption (or chemisorption) and physical adsorption (physisorption).47 

Chemical adsorption involves electron transfer which results in the formation of 

strong chemical bonds (covalent bonds) between molecules or ions of adsorbate and 

the adsorbent surface. This process is highly specific associated to high adsorption 

energies, ranging from 40 to 800 kJ/mol, and subsequently, the desorption process is 

very difficult, generally even irreversible and only a monolayer of adsorbate is 

observed.46  

Physical adsorption is characterized by non-specific binding forces, such as Van der 

Waals, hydrogen bonds, electrostatic and π-π interactions, between the adsorbate and 

adsorbent, and hence it is associated with lower adsorption energies, ranging from 4 to 

40 kJ/mol, and consequently the adsorption process is reversible in most cases and 

multilayer adsorption is possible. This type of adsorption is the most common mechanism 

by which contaminants are removed in water treatment 48  

Adsorption is considered an attractive and environmental friendly alternative for the 

treatment of polluted waters and it is usually advantageous comparing to other methods 

owing to its simplicity, cost-effectiveness, versatile design and operation conditions, low-

energy requirements, minimal sludge production and the possibility of adsorbent 

regeneration by suitable desorption processes allowing its reutilization.44, 46, 49  

However, after the adsorption process, additional operation steps are usually 

required to recover the adsorbents from the aqueous media, such as filtration, 

sedimentation, or centrifugation, which increase the cost of their industrial application 

and can be time-consuming. Therefore, great efforts have been made to develop and 
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implement strategies to overcome this drawback. More recently, the use of adsorbents 

with incorporated magnetic properties is one of the most promising approaches to solve 

this limitation, due to their easy and fast recovery from the solution through the simple 

application of an external magnetic field.50 

Moreover, the adsorption efficiency is highly dependent of several factors that must 

be considered including adsorbate-adsorbent interactions, adsorbent dose and initial 

adsorbate concentration (adsorbent/adsorbate ratio), adsorbent particle size, pore 

volume and surface area, temperature, pH, contact time and the presence of other 

pollutants.48, 51-52  

Nowadays, activated carbon has been widely employed as an adsorbent to purify 

polluted water owing to its high surface area and chemical stability in solution53. However 

due to its high cost, many researchers have developed low-cost adsorbents based on 

natural materials and biowaste54, such as clay minerals55, zeolites56, chitosan57, silica58 

and algae59. Although these adsorbents are available in large quantities in the 

environment they present some disadvantages regarding their heterogeneous structure, 

random pore size distribution and irregular geometry, low adsorption capacity, slow 

adsorption kinetics, limited selectivity and poor recycling ability.60-62 Thus, the design of 

advanced porous materials to overcome such limitations and achieve more efficient and 

sustainable adsorption processes is of uttermost importance.61  

A good adsorbent should present some specific requirements, including: well-

designed pore size and geometry with open pore structure and regular distribution, high 

accessible surface area, ease of desorption and reuse, mechanical, chemical and 

thermal stability, simple synthetic procedures, low cost (considering both the cost of the 

material synthesis as well as the equipment required for the adsorbent performance), 

ability to provide fast kinetics and mainly to exhibit a high adsorption capacity.46, 60, 63 

In the past few years, metal-organic frameworks (MOFs) have been extensively 

studied for a wide variety of applications due to their unique and versatile properties, and 

more recently have also been applied in water decontamination systems, revealing 

promising features and performances as new advanced adsorbents.61  

1.2. Metal-Organic Frameworks (MOFs) 

The term coordination polymer (CP) has been in continuous use since the 1960’s, 

but it was first introduced by Y. Shibata in 1916.64 According to IUPAC, a CP is a 

coordination compound with repeating coordination entities extending in 1, 2 or 3 

dimensions (1D-, 2D-, 3D-, respectively). 65 These polymeric structures are composed 

of metal ions or metal clusters (nodes) coordinated by multi-dentate ligands (linkers) that 

can be extended into supramolecular chains (1D), sheets (2D) or 3D frameworks (Figure 
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1.3). Moreover, the self-assembly of these supramolecular structures not only arise from 

coordination bonds, but also due to additional weaker interactions, such as hydrogen 

bonding, π-π stacking and Van der Waals interactions.66 

The topology and properties of CPs are determined by several factors, such as the 

nature of the bridging ligands (e.g. flexibility and denticity) as well as the coordination 

number and coordination preference of the metal ions. Also, these can be highly affected 

by external chemical or physical stimuli, namely reaction temperature, pressure, pH, 

counter ions of the metal salt precursors, solvent and the stoichiometric metal-to-ligand 

ratio.67-68 Different CPs can be produced from the same specific molar ratio of a given 

set of metal and ligand by simply changing the reaction conditions.69 Thus, owing to this 

wide variety of factors, the CPs can be purely inorganic (e.g. Prussian blue) or metal-

organic species with crystalline, amorphous, porous or non-porous structures.  

 

 

 

 

 

 

 

 

Figure 1.3. Scheme of simple CPs with different structural dimensions. 

According to IUPAC, MOFs, or porous coordination polymers (PCP), are a subclass 

of CPs, defined as coordination networks, with organic ligands containing potential voids. 

IUPAC also defines a coordination network as a coordination compound extending 

through repeating coordination entities in 2 or 3 dimensions.65 Therefore, MOFs are 

widely known as 2- or 3-dimensional crystalline materials with intrinsic porosity, leading 

to high surface areas, up to 10000 m2/g, due to the periodic arrangement of polytopic 

organic ligands and mono- or poly-nuclear metal nodes by strong coordinating bonds.70 

The term “MOF” first appeared in the literature by Omar Yaghi in 1995 71 and in 1999 

he and co-workers reported the first robust MOF with permanent porosity, MOF-5, based 

on the primitive cubic lattice (pcu), with more than three times the internal surface area 

of the most porous zeolites.72 Since then, many research groups, have been focusing on 

the synthesis and characterization of several new MOFs, with more than 20,000 different 

structures being reported, associated with multiple unique chemical or physical 

properties making them versatile materials towards numerous potential applications, 

such as, optics, heterogeneous catalysis, luminescence sensing, adsorption, gas 

storage and separation (e.g. CO2, H2 and CH4), drug delivery and others.70, 73 
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The understanding and construction of MOFs emerged from reticular chemistry 

directives, which involve preparing materials through the linkage of building units via 

strong bonds to give rise to tailored extended crystalline structures. In the context of 

reticular chemistry, the topology of each structure can be described by three-letter 

symbols, and their details are available in official databases. Many topologies are named 

after naturally occurring materials, such as sodalite (sod) or diamond (dia).74  

1.2.1.  Structural Components  

MOFs can be obtained from a large variety of di-, tri-, or tetravalent metal cations. 

The most common are transition metal ions, such as Zr4+, Fe3+, Cr3+, Ni2+, Cu2+, Cd2+, 

Zn2+, Co2+, and some from the main-group metals such as Mg2+, Al3+ or Ga3+, due to their 

predictable coordination geometries, stability, and kinetic lability. The coordination 

number of these cations can range from 2 to 7, depending on the element and its 

oxidation state, giving rise to numerous geometries (e.g. tetrahedral, trigonal planar or 

bipyramidal, square planar and octahedral). More recently, lanthanide ions, such as La3+, 

Tb3+ and Eu3+, have also been used as inorganic connectors, owing to their interesting 

properties (e.g. luminescence) and large coordination numbers (greater than 6), that lead 

to polyhedral coordination geometries 

with unusual network topologies.66, 77 

 However, it is difficult to produce 

robust and stable MOFs with 

permanent porosity from single metal 

ions nodes, because they do not 

impose a strong preference for a 

given coordination geometry, which 

can result in a unstable and flexible 

coordination environment around the 

metal ion leading to more than one 

type of structures and consequently to 

overall lack of predictability and 

control over the final structure of the 

framework.75, 78  

In order to circumvent this, the 

inorganic nodes of MOFs are based 

on multinuclear metal-oxo-clusters, 

also known as secondary building 

units (SBUs), which use carboxylate 

 

 

 

Figure 1.4. Some common SBUs geometries. A: 

Square-planar coordination geometry from binuclear 

“paddle-wheel” node. B: Trigonal prismatic coordination 

geometry from trinuclear node. C: Octahedral 

coordination geometry from tetranuclear node. Adapted 

from 75-76. 
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functional groups to chelate metal ions and lock them into rigid and directional positions 

with intrinsic and well-defined geometric properties that enable the design of robust 

frameworks with permanent porosity (Figure 1.4). This concept is fundamental to 

understand, predict and rationalize the resulting topologies of metal cluster-based MOFs 

structures. Typically, SBUs are formed in situ, which provides the possibility of a slow 

and reversible assembly of the overall structure allowing error correction mechanisms, 

owing to the metal-ligand coordination bonds lability and, thus ensuring the formation of 

highly ordered crystalline products.75, 78 The SBUs not only provide mechanical and 

architectural stability to the framework, but also ensure thermodynamic stability to the 

MOFs, due to the fact that they are only composed by strong bonds (M-O, C-O, and C-

C).79 The SBU approach was adapted from the zeolite chemistry, where SBUs 

exclusively arise from inorganic components (such as tetrahedral species like SiO4, 

AsO4, PO4, connected to metallic cations), being one of the most important advances 

with great impact on the development of MOFs over the years.80  

According to G. Férey, the dimensionality of the inorganic subnetworks can be not 

only discrete clusters (0D), but also extended motifs with 1D-chains, 2D-grids or 3D-

networks, depending on the chemical conditions (Figure 1.5).80 Thus, MOFs represent 

the interface between purely organic or inorganic porous materials and can contain 

numerous different structural backbones.  

 

Figure 1.5. Examples of MOFs with SUBs of different dimensionalities (MIL stands for Materials of Institute 

Lavoisier). Adapted from 80. 

The inorganic nodes are connected by organic ligands that are commonly molecules 

with two or more functional groups containing donor atoms, such as anionic oxygen 

atoms (e.g. carboxylate groups and less often phosphates and sulfonates) or neutral 

nitrogen atoms (e.g. pyridyl, imidazole and nitrile groups).66 Also, more than one type of 

potential coordination functional group may be present within the same ligand molecule, 

named hetero-functional ligands.81 (Figure 1.6) 

Typically, to synthesize robust and porous MOFs, anionic carboxylate-based linkers 

are preferred over neutral donor linkers due to several aspects, such as: the charged 
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functional groups neutralize the positively charged metal nodes allowing the self-

assembly of neutral frameworks without the need for additional counter ions, and their 

chelating ability promote the formation of SUBs with a specific coordination geometry, 

which results in rigid and directional structures with high thermal, mechanical and 

chemical stability.74 

 

 

Figure 1.6. Examples of organic ligands that are used in MOFs construction. (1) But-2-enedioate, fumarate; 

(2) Benzene-1,4-dicarboxylate, terephthalate; (3) Benzene-1,3,5-tricarboxylate, trimesate; (4) 4,4’-

biphenylenedicarboxylate; (5) pyrazine; (6) 4,4’-bipyridine; (7) 2-methylimidazole; (8) 1,3,5-tris(2H-tetrazol-

5-yl)benzene; (9) 4-Pyridylcarboxylate, isonicotinate; (10) 2,3-pyrazinedicarboxylate; (11) 4-(1H-tetrazol-5-

yl)benzoate and (12) 5-(2H-tetrazol-5-yl)benzene-1,3-dicarboxylate. 

The intrinsic structural characteristics of the organic ligands, such as coordination 

ability, length, flexibility, geometry and orientation of the binding groups play a crucial 

role in dictating the framework topology for a given cationic SBU.82 So, another useful 

approach to avoid lack of predictability of the final crystalline structure is to use ligands 

with rigid backbones containing aromatic or unsaturated aliphatic compounds and of 

relatively high symmetry. By doing so, extended crystalline networks with high structural 

stability and persisting porosity can be produced and able to retain its integrity even when 

the guest molecules are removed from the pores.78, 83  

The charge of the framework is also an important factor in the construction of MOFs. 

Since the inorganic units are positively charged, there is a need for an anionic source to 

neutralize the overall charge and yield neutral networks. This can result either from the 

organic ligands with negatively charged coordinating groups, such as carboxylates, or in 
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the case of neutral bridging ligands, from additional counter ions, originally from the metal 

salt precursor, such as Cl-, NO3
-, SO4

2- and BF4
-.66, 83 

 The chemical and physical properties of MOFs, such as pore size, surface chemistry 

and chemical stability can be finely controlled and enhanced through several strategies 

towards specific applications without changing the underlying topology of the MOF 

framework, known as isoreticular chemistry.86-87 Functionalization is a powerful and 

versatile tool to modulate the surface chemistry of the MOF structures, which increase 

their use for more specialized applications.86 There are two main approaches that can 

be employed to integrate additional functionalities into these materials. The first involves 

the direct solvothermal synthesis of MOFs using previously functionalized organic linkers 

with specific chemical groups (figure 1.7a).88 This approach is limited to relatively simple 

substitutes, such as -NH2, -Br, -CH3, due to the fact that many functional groups are not 

compatible with the material synthetic conditions or they may interfere with the formation 

of the desired topology.84 Thus, an alternative approach has emerged to circumvent 

these restrictions, known as post-synthetic modification (PSM) approach, which consists 

on the chemical modification of 

MOF structures after their 

synthesis.84-85, 88 The PSM 

approach allows a higher control 

and variety of the functional groups 

that can be incorporated into the 

MOF structure without affecting 

the inherent topology.84 PSM can 

be used to functionalize not only 

the MOFs organic components, 

but also the metal clusters, through 

covalent and coordinate covalent 

modifications, respectively (Figure 

1.7b and c).88-89  

Moreover, it is possible to enhance their porosity and surface areas by creating MOFs 

with unusually large pore openings and thus increase their surface areas through 

isoreticular expansion, which consists on preparing extended frameworks with similar, 

but longer organic linkers than those used on the parent MOFs.86, 90 However, the 

presence of large voids within a single framework can promote the formation of 

interpenetrated structures. This phenomenon may occur when the pores are large 

enough to accommodate other independent networks, which can result in a reduction of 

the pore volume, surface area and the active sites availability.78, 91 

 

Figure 1.7. General schemes for the preparation of 

functionalized MOFs by using a) prefunctionalized organic 

linkers, b) covalent PSM, and c) coordinate covalent PSM. 

Adapted from84-85. 



14 FCUP 
Design of porous materials for environmental remediation 

 

Moreover, even though the majority of MOFs structures is composed by only one 

type of metal and ligand, more complex MOFs composed by mixed-metal SBUs or 

mixed-linkers have been reported, resulting in multiple functionalities within a single 

structure, called as multivariate MOFs (MTV-MOFs).90 This proves that these materials 

are very adjustable and their properties can be tuned and enhanced towards several 

potential applications.79, 92-93 

1.2.2. Framework Flexibility  

 MOFs can have numerous topologies with high crystallinity arising from all the 

potential combinations between inorganic SBUs and organic ligands, leading to 

extremely porous architectures. Their porosity and flexibility are the main characteristics 

responsible for most of the global interest towards several applications. In this context, 

S. Kitagawa, one of the pioneers on this subject, suggested that MOFs should be 

classified in three categories, which he named first-, second- and third-generations, 

regarding their structural 

behaviour in the presence or 

absence of guest molecules 

which is helpful to understand 

their framework flexibility (Figure 

1.8).95 

 The first-generation concerns 

frameworks that do not possess 

permanent porosity due to their 

strong host-guest interaction 

dependence, which means that 

these structures only maintain 

their integrity in the presence of 

guest molecules and irreversibly 

collapses when they are 

removed, yielding an amorphous 

structure without porosity. Similar 

behaviour has often been observed in MOFs that contain charged frameworks and 

subsequently the pores are filled by counter ions. 80, 96  

The second-generation compounds are stable and robust frameworks with 

permanent porosity, which maintain their crystalline structure even in the absence of any 

guest molecules within the pores.97 This behaviour is typical for neutral and zeolite-like 

MOFs (e.g. ZIFs, stands for zeolitic imidazolate frameworks) 96  

 

Figure 1.8 Representation of the three generations of MOFs 

according to S. Kitagawa.94 
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The third-generation represents a unique class of MOFs with flexible and dynamic 

framework, being able to reversibly change their structure, as a response to external 

stimuli, such as guest exchange, temperature, pressure, pH, light and electric or 

magnetic field, and are known as soft porous crystals or flexible MOFs.80, 96 The structural 

transitions observed in these materials are often reversible crystal-to-crystal 

transformations, however, in some cases, the perfect crystallinity can be lost during the 

transition, resulting in reversible crystal-to-amorphous transformations.94, 97 

The responsive behaviour of these materials has raised the interest of several 

researchers for potential applications such as chemical sensing, separation processes, 

drug release and catalysis. 98  

The MOFs flexibility can be determined by several factors, such as the type of SBU, 

the nature of the organic and inorganic moieties and, consequently, the framework 

topology. Discrete SUBs with flexible coordination geometry around the metal ion, rod-

like SBUs with 1D square-shaped pore channels or frameworks composed by flexible 

organic linkers are some of the most prominent structural components found on flexible 

MOFs, owing to their high degree of flexibility.74, 98 

 The flexibility of the framework can be either global or local. When global flexibility 

is concerned, the entire backbone is dynamic and it is associated with substantial 

changes of the pore volume resultant from expansion or contraction movements, known 

as breathing effect. The local flexibility can be accomplished in MOFs that contain 

molecular switches implemented into the framework, such as organic linkers with the 

ability to modify their conformation or structure upon specific stimulus (e.g. 

photosensitive compounds).74  

 The most studied flexible MOFs with 

breathing properties are the MIL-53 series, first 

synthesized by the research group of G. Férey in 

2002, with a framework composition of 

[M3+(OH)L]n, where M3+ = Fe, Al, Cr, Ga and L = 

terephthalate.100 The flexible character of MIL-53 

strongly depends on the nature of the metal 

centre.101 The structure is composed of 1D rod-

like SBUs interconnected by terephthalate 

linkers yielding a 3D framework with 1D square-

shaped tunnels, resulting in a sra net topology. 

The breathing behaviour of MIL-53 is due to the rotation of the carboxylate groups around 

the O–O axis, in a “kneecap” motion, assisted by rotation of the phenyl rings (Figure 

1.9).74, 89, 99  

 

Figure 1.9. Schematic representation of the 

“kneecap” motion and the rotation of the 

organic linker responsible for the breathing 

effect of MIL-53 structure. Adapted from99. 
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According to different external stimuli exposure, three different variants of MIL-53 are 

observed, such as as-synthesized (as), large pore (lp) and narrow pore (np) (Figure1.10). 

74, 99 In the MIL-53-as form, the pores are occupied by disordered molecules of neutral 

terephthalic acid which when removed, upon heating at high temperature, lead to a 

structural transition to its expanded empty form, MIL-53-lp.80, 102 By cooling in air, water 

molecules can be trapped in the pores, which induce a drastic contraction of the 

framework, due to strong hydrogen bonding interactions established between water 

guest molecules and the carboxylate groups of the MOF backbone, leading to the MIL-

53-np form.102 This structural transition is fully reversible when water is involved, since 

both, the inorganic SBU and the organic linker maintain their integrity. However, the 

framework reveals to be strictly inactive during the exchange of water by other solvents, 

such as acetone and ethanol, whereas DMF is immediately adsorbed, owing to the 

significantly stronger hydrogen bonds established with the framework backbone. This 

suggests that the MOF structure may exhibit some degree of selectivity during the guest 

exchange process.80, 102 

 

Figure 1.10. Schematic representation of the framework behaviour upon external stimuli and the 

respective pore volume variation. Adapted from99. 

 

1.3. MOF synthesis  

Typically, the main goal in MOF synthesis is to identify and establish the appropriate 

reactional conditions that lead to the in situ formation of a specific type of SBU while 

avoiding the organic linker decomposition. This requirement is fundamental because 

even a slight variation in the synthetic conditions may result in the formation of different 

types of SBUs thus changing the overall structure and morphology of the outcome 

MOF.75, 103 In order to identify the reaction parameters that have more influence in the 

final product (e.g. molar ratios of starting reactants, pH, solvent, presence of counterions, 

reaction time, temperature and pressure) serial and/or high-throughput methods are 

commonly used to facilitate the discovery of new compounds and to optimize the 

synthetic procedures of MOFs.103-104 
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1.3.1. Reaction conditions 

The nature of the solvent is one of the most important parameters in MOF synthesis 

and must be carefully chosen. The choice of solvent is based on different aspects such 

as reactivity, redox potential, stability constant and solubility.105 In addition to having 

direct influence on the solubility of both reactants and products, which is crucial in 

supersaturation and kinetics of crystal formation, solvent molecules can often act as 

directing agents during the self-assembly process. Depending on their steric hindrance, 

polarity and size it may lead to numerous structures with different dimensions, pore sizes 

and shapes, owing to their strong impact in the coordination behaviour of both inorganic 

and organic moieties, and consequently on the crystal morphology. Moreover, mixed 

solvent systems are often used in several MOF syntheses to enhance the crystal growth, 

due to the polarity difference between the solvent molecules and their ability to form 

different coordination environments.69, 106-107 Solvents such as water, alcohols (e.g. 

methanol and ethanol), dialkyl formamides (e.g. DMF), acetone and acetonitrile are 

usually used in MOF synthesis.80  

The reaction temperature is also a fundamental factor in MOF synthesis, which has 

a significant impact on the MOFs crystallization process. Typically, the increase of 

temperature leads to thermodynamically favoured products, whereas lower 

temperatures can result in kinetically favoured products. Moreover, the reaction 

temperature seems to influence the dimensionality of the inorganic subnetworks, and 

consequently the overall structure. Higher temperatures commonly lead to an increase 

in the final framework dimensionality. Thus, the choice of an appropriate reactional 

temperature can allow the formation of different supramolecular structures.69, 80, 106-107 

Since the self-assembly of MOFs usually involve acid-base reactions, the pH of the 

reaction mixture is another important factor that can have a major impact on MOFs 

topology.69 The deprotonation extent of the donor groups of the organic ligands is 

strongly dependent of the pH conditions, usually favoured by basic environments, which 

ultimately, determines the coordination modes of the ligands involved in MOF 

synthesis.108 Furthermore, in some cases, the reaction kinetics can be controlled by 

altering the pH.109 Several studies suggest that different crystal structures may arise due 

to the variation of the pH conditions, revealing that the increase of pH tends to favour the 

formation of networks with higher dimensionality. Nevertheless, at high pH values, the 

precipitation of metal salts M(OH)2 can occur, depending on the metal ion and its 

concentration. Such conditions should be avoided, otherwise low dimensional structures 

may rise, due to the decrease of available metal ions in solution.107 



18 FCUP 
Design of porous materials for environmental remediation 

 

1.3.2. Methods of synthesis 

The synthesis of highly crystalline MOFs can be accomplished through a variety of 

different methodologies. The syntheses frequently occur in liquid-phase, in which the 

organic ligand and the metal salts are dissolved in pure solvents or solvent mixtures at 

specific molar ratios.105, 110 Nevertheless, some researchers have also attempted solid-

phase syntheses, due to their rapid and easy process.105 However, it should be noted 

that depending on the method used to produce MOFs, the final products might exhibit 

different morphologies, particle sizes and size distributions, which can be reflected on 

the properties of the materials.103, 107  

The conventional synthetic routes can be divided into two categories: solvothermal 

(or hydrothermal if the solvent is water) and non-solvothermal.111 In general, MOFs are 

prepared under solvothermal conditions, which consists of reactions carried out in closed 

vessels, usually, at the boiling temperature of the solvent or above, under autogenous 

pressure, which enhances the solubility of the precursors involved in the reaction.103 The 

reaction periods can range from a few hours to days. The major advantages of this 

method are the higher reaction yields of high-quality crystals in comparison to other 

methods and the possibility of precise control of size distribution and shape of the 

obtained products.107, 110-111 However, these syntheses require specific equipment to 

reach high pressures, such as Teflon-lined stainless steel autoclaves.108 

Non-solvothermal synthesis takes place below or at the boiling temperature of the 

solvent under ambient pressure.103 Typically, these methods require highly soluble 

precursors and their concentrations must be adjusted in a way that the nucleation 

conditions are achieved, allowing the formation of MOF crystals.103, 111 The concentration 

gradient can be promoted by different methods, such as slow solvent evaporation, 

layering of solutions, or slow diffusion of a solution of one component into another 

through a membrane or an immobilizing gel.108 Once the critical nucleation concentration 

is exceeded, the growth of MOF crystals begins. Although these methods can be 

employed at room temperature and still produce high quality single crystals, their main 

drawback is the long reactional time required compared to other synthetic routes.105  

Besides conventional routes, several alternative strategies have been applied to 

synthesize MOFs, in which the source of energy can be introduced into the system by 

microwave irradiation, an electric potential, mechanical force or ultrasonication, instead 

of using conventional electric heating (e.g. oven).  

The microwave-assisted synthesis is a widely applied method to produce MOFs in 

shorter periods of time. Microwave irradiation is a very effective method of heating, which 

has the ability to achieve higher nucleation rates and accelerate the materials 
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crystallization, owing to the direct interaction of the radiation with the mobile electric 

charges, such as ions or polar solvent molecules in solution, which promote the collision 

between molecules and consequently increases the kinetic energy of the system.103, 107 

This method presents several advantages, including high heating efficiency, reduced 

reaction time and the possibility of synthesize nanosized MOFs with uniform size 

distributions and high purity.110, 112-113   

More recently, electrochemical synthesis has been a promising method to quickly 

synthesize large amounts of MOF crystals at mild reaction temperatures.112 In this 

method, metal ions are continuously introduced into the reaction medium, which contains 

dissolved organic linkers and electrolytes, through anodic dissolution instead of metal 

salts.103, 107 The major limitation of this method is the undesirable accumulation of crystals 

near the electrodes during synthesis.112 

Another method that has been used to synthesize MOFs is based on applying high-

energy ultrasound waves into a reaction mixture, which stimulate chemical and physical 

changes in the system, without direct interaction with the molecules, through a cavitation 

process.103 This relies on the formation, growth and instant collapse of bubbles in solution 

that creates local hot spots with high temperature and pressure due to the energy 

release.105 The sonochemical synthesis is an energy-efficient and environmentally 

friendly method that offers reduced crystallization times.110 

MOFs can also be synthesized by a solvent-free method known as 

mechanochemical synthesis, in which chemical reactions are induced by mechanical 

force that leads to the rupture of intermolecular interactions and the formation of new 

bonds between the precursors molecules (e.g. ball-milling).103, 107 This method is also 

considered to be environmentally friendly because organic solvents can be avoided and 

can be performed at room temperature.107 However, the MOF syntheses that follow this 

method usually present low reaction yields and difficulties in obtaining single crystals.105 

1.4. MOFs as adsorbents for water contaminants 

Over the last decade, MOFs have been studied for water purification, revealing 

excellent performances, as a result of their high adsorption capacities, fast adsorption 

kinetics and superior selectivity for both organic pollutants (e.g. pharmaceuticals, dyes, 

and pesticides) and inorganic pollutants (e.g. heavy metals, radionuclides and 

oxyanions) compared to conventional adsorbents, which pose MOFs as a promising next 

generation of high-performance adsorbent materials for environmental remediation.61, 114  

The adsorption performance of MOFs is dictated by their crystalline structure, 

hydrophilicity, pore size and distribution, surface area, and surface chemistry.61 These 

characteristics can be modified by different strategies to improve their affinity and 
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selectivity for specific analytes, such as, isoreticular or post-synthetic modifications (as 

mentioned in section 1.2.1.), or through the deliberate creation of structural defects, 

which can enlarge and/or introduce additional adsorption sites.61, 115  

In order to understand the adsorption behaviour of MOFs towards water 

contaminants, it is essential to study their interactions. These are highly dependent on 

the nature of the adsorbate, physicochemical properties of MOFs and solution conditions 

(e.g. pH, temperature, ionic strength, coexisting substances in the solution and initial 

concentration of the adsorbate).5, 61 Depending on the dominant interactions between 

MOFs and adsorbates, the adsorption process can undergo through several different 

mechanisms, such as electrostatic attraction, van der Waals forces, hydrogen bonding, 

acid-base interaction, diffusion, coordination, ion-exchange, chemical bonding, and π-π 

interaction/stacking (Figure 1.11). However, further research is needed to better 

understand the most significative interactions that affect the adsorption behaviour of 

MOFs and to improve their performances.114, 116-117 

 

Figure 1.11. Schematic representation of some of the adsorption mechanisms of MOFs. Adapted 

from117. 

 

Despite the several advantages of using MOFs for water remediation compared to 

conventional adsorbents, there are still some challenges regarding their chemical 

stability in water, recovery and reusability, and lack of knowledge on their behaviour in 

complex solutions with multiple competitive substances. The water stability of MOFs is 

determined by thermodynamic and kinetic factors, which are correlated to the strength 

and lability of the metal-ligand coordination bonds that support the framework 

structure.118-119 One strategy to improve their stability and produce robust structures is 

by reinforcing the interactions between the metal cations (Lewis acids) and the organic 
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ligands (Lewis bases).120 According to the hard/soft acid-base (HSAB) principle, high-

valence metal ions, such as Zr4+, Al3+, Fe3+, tend to stablish strong interactions with 

carboxylate-type linkers, while divalent metal ions, such as Zn2+, Co2+, form stronger 

bonds with nitrogen-containing ligands.5, 118 

In general, MOFs tend to form fine water suspensions, due to their small sized 

particles. Therefore, their recovery usually requires additional separation processes, 

such as filtration or centrifugation, which makes their large scale application still 

challenging.121 The most promising approaches to overcome this limitation are based on 

the combination of MOFs with magnetic nanoparticles (MNPs) through different methods 

to give rise to MOF-based magnetic composites, or using pristine MOFs as templates to 

obtain magnetic porous carbon materials. As a result, both MOF-based materials can be 

easily separated and recovered from the medium by applying an external magnetic field, 

allowing an efficient, convenient and recyclable adsorption process.122  

1.5. Magnetic MOF composites 

The MOF-based magnetic composite materials can be prepared through a wide 

variety of methods (Figure 1.12). The impregnation method is the simplest strategy to 

obtain magnetic composites and can be implemented practically in any MOF. The MNPs 

and the MOF support are synthesized separately and mixed in a solvent solution under 

the influence of sonication/mechanical agitation to prevent aggregation. The magnetic 

composite is mainly formed due to electrostatic interactions between the MNPs and the 

surface of the MOF. However, due to the relatively weak interactions involved in the 

composite formation, the MNPs can be easily detached from the surface of MOFs and 

leached into the solution.123-124  

The magnetic composites can also be produced through in situ growth methods 

which can be grouped into two categories: the ship-in-a-bottle and bottle-around-the-ship 

strategies. The first approach is based on the dispersion of pre-synthesized MOF crystals 

in a reactional mixture containing the MNPs precursors, allowing the growth of the MNPs 

in the presence of the frameworks. The MOFs selected for this method should be stable 

under the synthetic conditions of the MNPs.121, 124 In the bottle-around-the-ship method, 

the preparation of the MOF crystals is carried out in the presence of preformed MNPs 

under reactional conditions similar to those used for the synthesis of the pristine MOFs 

(e.g. solvothermal processes), resulting in MOF composites with embedded MNPs.121, 

125 

The preparation of the magnetic composites can be also achieved through the layer-

by-layer methodology, giving rise to core-shell structures. In this method, the surface of 

the MNPs is modified with suitable functional groups (e.g. thioglycolic acid), which 
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facilitate the growth of the MOFs around the particles and ensure stability for the 

formation of the core-shell composites. The inorganic and organic precursors of MOFs 

are added, alternately, to a solution with the functionalized MNPs, covering their surface 

with consecutive MOF layers. The thickness of the MOF coating is defined by the number 

of sequential cycles performed, which can be time-consuming.121, 124  

 

Figure 1.12. Schematic representation of the different methods for the preparation of the MOF-based 

magnetic composites. 

1.6. MOF-derived porous carbons 

In the past years, porous carbon materials have received much attention due to their 

promising potential for several applications, including catalysis, adsorption processes, 

energy storage and conversion, and chemical sensing. Recently, MOFs have been 

employed as precursors for the preparation of porous carbon materials due to their 

abundant carbon content, robust ordered structure, and high porosity.126 Compared to 

traditional carbon materials, MOF-derived porous carbons (MDPCs) present unique 

advantages, such as ease and convenient syntheses without additional templates, 

tuneable pore sizes, large surface areas, controllable particle size and facile uniform 

doping of heteroatoms (usually element species as boron, nitrogen, phosphorus and 

sulphur) and metal/metal oxide particles in the carbon network (Figure 1.13). Also, 

MDPC materials have revealed enhanced conductive properties and superior chemical 

and thermal stability compared to the parent MOF precursors.126-127 

In general, the preparation of MDPCs relies on the direct pyrolysis of pristine MOFs 

at high temperatures, usually 600 ºC or higher, under inert atmosphere (e.g. N2 and Ar) 

to prevent the carbon oxidation.128 The physicochemical properties of the MDPCs, such 

as particle morphology, porosity, and specific surface area, are determined by the parent 

MOF decomposition mechanisms, which are highly dependent of the framework 

structure and  its stability, type of organic ligands, nature of the metal clusters, and 

experimental conditions (temperature, atmospheric conditions, heating ramp rate).129 
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During the pyrolysis process, the metal clusters present in the pristine MOFs tend to 

aggregate and produce metal oxides and/or metallic nanoparticles. If the metal centres 

contain elements such as Fe, Co or Ni, the carbonized products will present magnetic 

properties, giving rise to magnetic MDPCs.121, 130 Under proper experimental conditions, 

the organic species not only tend to avoid the rupture and collapse of the MDPCs 

structure during the pyrolysis process, but also, ensure the homogeneous dispersion of 

the metal nanoparticles within the carbon matrix.129  

 

 

Figure 1.13. Schematic representation of different porous materials arising from MOF pyrolysis. Adapted 

from129. 
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2.  Experimental section 

 
2.1. Materials and instrumentation 

All the following solvents and chemical reagents were purchased from commercial 

suppliers and used without further purification.  

The chemical reagents used in the synthesis of the materials were: iron(III) chloride 

hexahydrate [FeCl3∙6H2O, Sigma-Aldrich (≥ 99.0%)], iron(II) chloride tetrahydrate 

[FeCl2∙4H2O, Sigma-Aldrich (≥ 99.0%)], iron(II) sulphate heptahydrate [FeSO4∙7H2O, 

Sigma-Aldrich (≥ 99.0%)], cobalt(II) acetate tetrahydrate (CH3COO)2Co∙4H2O, Merck  

(≥ 98.0%)], 2-methylimidazole (Sigma-Aldrich, 99.0%), terephthalic acid [H2BDC, Sigma-

Aldrich (98.0%)], trimesic acid [H3BTC, Sigma-Aldrich (95.0%)] and fumaric acid (Sigma-

Aldrich, ≥ 99.0%). The solvents used were N,N-dimethylformamide [DMF, Fisher (≥ 

99.5%)], ethanol [EtOH, Fisher (≥ 99.8%)] and tetramethylammonium hydroxide solution, 

25 wt.% in H2O (TMAOH, Sigma-Aldrich). 

In the adsorption experiments, the copper ion solutions with initial concentration 

ranging from 5.00-20.0 mg/L were prepared using a copper standard solution (Cu 1000 

mg/L, in 0.5 mol/L HNO3) for Atomic Absorption Spectroscopy (AAS) purchased from 

PanReac AppliChem, while the copper ion solutions with initial concentrations ranging 

from 30.0 to 800 mg/L were prepared using copper(II) nitrate trihydrate (Cu(NO3)2∙3H2O, 

≥ 99.0%) acquired from Sigma-Aldrich.  

The pH was adjusted using diluted solutions of hydrochloric acid (HCl, ~37%) and 

sodium hydroxide (NaOH) obtained from Fisher and pronalab, respectively. All solutions 

were prepared using double-deionized water. 

The pH measurements were carried out in Hatch sensIONTM + pH3 pH meter with a 

sensION + 5010T pH electrode. The calibration of the instrument was performed using 

buffer solutions at pH 4.00, 7.00 and 10.00.  

Dynamic Light Scattering and Electrophoretic Light Scattering (DLS/ELS) studies 

were performed using Nano Zetasizer ZS instrument from Malvern with a monochromatic 

laser with λ = 633 nm (detector position was at 173º relative to the laser). Experiments 

were carried out using DTS1070 cells at 25 ºC.  

 

  



26 FCUP 
Design of porous materials for environmental remediation 

 

2.2. MOFs synthesis 

Throughout this project, five different MOFs were synthesized, which four of them 

were iron-based (MIL-100(Fe), MIL-88A(Fe), MIL-88B(Fe) and MIL-53(Fe) and one was 

cobalt-based, ZIF-67(Co). In Table 2.1 are summarized both organic and inorganic 

components of each MOF as well as the respective SBU and overall framework structure 

(crystal properties imported from CIF files reported in the literature131-135) 

Table 2.1. Summary of the metal centres, chemical structure of the organic precursors, SBUs and the 

respective framework structure of each MOF prepared. 

  

MOF Metal centre Organic linker SBU90 Structure 

MIL-100(Fe) 

Fe3+ 

 

 

 

MIL-88A(Fe) 

 

 

MIL-88B(Fe)  

 

MIL-53(Fe) 

 
 

ZIF-67(Co) Co2+ 
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2.2.1. MIL-100(Fe)  

The MIL-100(Fe) synthesis was adapted from a previously reported procedure.136 

Two different solutions were prepared separately at room temperature and under 

magnetic stirring. Solution 1 was prepared by mixing trimesic acid (2.50 mmol; 0.525 g) 

and NaOH (7.50 mmol; 0.300 g) in deionized water (20.00 mL) and solution 2 was 

prepared by dissolving FeCl4∙4H2O (3.75 mmol; 0.745 g) in deionized water (20.00 mL). 

When both solutions became completely clear, solution 1 was added dropwise to solution 

2 under stirring using a dropping funnel and the resulting solution was kept under 

vigorous stirring for 4h at room temperature. When the two solutions were mixed, the 

immediate formation of a green solid could be observed that slowly turned to yellowish-

brown during the reaction time indicating the crystallization of the MOF. The formed solid 

was recovered by centrifugation at 6000 rpm for 15 min and then washed 3 times with 

deionized water and once with ethanol to remove free organic linker molecules. The as-

synthesized solid was dried at room temperature in a desiccator over silica gel. 

2.2.2. MIL-88A(Fe)  

MIL-88A(Fe) was synthesized by a hydrothermal process based on the literature.137-

138 In a Teflon container, FeCl3∙6H2O (2.00 mmol; 0.541 g) was firstly dissolved in 

ultrapure water (10.00 mL) under magnetic stirring and followed by the addition of 

fumaric acid (2.00 mmol; 0.232 g) and the reactional mixture was stirred for 1 h at room 

temperature to completely dissolve the organic linker. Next, the Teflon-liner was placed 

into a stainless-steel autoclave, sealed and kept in a preheated oven at 85 ºC for 24 h. 

After that, the autoclave was allowed to cooled down naturally to room temperature and 

the obtained orange solid was recovered by centrifugation at 6000 rpm for 15 minutes 

and then washed 2 times with deionized water and 3 times with ethanol to remove free 

organic linker molecules. The material was dried at 100 ºC under reduced pressure (175 

mbar) overnight.  

2.2.3. MIL-88B(Fe)  

MIL-88B(Fe) was synthesized by a solvothermal process following an adapted 

protocol from the literature.139 In a Teflon container FeCl3∙6H2O (2.00 mmol; 0.541 g) 

was dissolved in DMF (10.00 mL) under magnetic stirring and then terephthalic acid 

(2.00 mmol; 0.332 g) and an aqueous solution of NaOH of 2 mol/dm3 (800 µL) were 

added to the mixture which was stirred for 1 h at room temperature to completely dissolve 

the precursors. Then, the Teflon-liner was placed into a stainless-steel autoclave, sealed 

and kept in a preheated oven at 100 ºC for 12 h. After the heat treatment, the autoclave 

was allowed to cool down naturally to room temperature and the orange powder was 
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recovered by centrifugation at 6000 rpm for 15 minutes and washed several times with 

deionized water and ethanol to remove the solvent and/or free organic linker molecules. 

The solid was dried at 60 ºC under reduced pressure (175 mbar) overnight. 

2.2.4. MIL-53(Fe)  

MIL-53(Fe) was prepared by a solvothermal process following previously reported 

works.140-141 FeCl3∙6H2O (1.00 mmol; 0.271 g) was mixed with DMF (5.00 mL) in a Teflon 

container and when it was completely dissolved, terephthalic acid (1.00 mmol; 0.166 g) 

was added to the solution and the mixture was stirred for 1 h at room temperature. The 

Teflon container was placed into a stainless-steel autoclave, sealed, and kept in a 

preheated oven at 150 ºC for 12 h. After the heat treatment, the autoclave was allowed 

to cool down naturally to room temperature and the solid was recovered by centrifugation 

at 6000 rpm for 15 minutes. To remove the solvent molecules, the obtained yellow 

powder was resuspended in 200 mL of deionized water for 24 h followed by 

centrifugation at 6000 rpm for 15 minutes and dried at 60 ºC under reduced pressure 

(175 mbar) for 24 h.  

2.2.5. ZIF-67(Co)  

ZIF-67(Co) was synthesized by a solvothermal process following a reported method 

in the literature.142 First, Co(Ac)2∙4H2O (1.33 mmol; 0.331 g) was dissolved in ethanol 

(10.00 mL) under magnetic stirring and then 2-methylimidazole (4.00 mmol; 0.328 g) was 

added to the solution. The reactional mixture was stirred for 1 h to completely dissolve 

the precursors at room temperature. Thereafter, the Teflon-liner was placed into a 

stainless-steel autoclave, sealed, and kept in a preheated oven at 130 ºC for 72 h. After 

the heat treatment, the autoclave was allowed to cool down naturally to room 

temperature and the as-synthesized material was recovered by centrifugation at 6000 

rpm for 15 minutes and washed with ethanol several times. Finally, the dark purple solid 

was dried at 150 ºC for 8 h under reduced pressure (175 mbar). 

2.3. Magnetic materials synthesis 

2.3.1. Magnetic nanoparticles (MNPs) 

The nanoparticles were synthesized via a co-precipitation method adapted from the 

literature.143 Two solutions were prepared separately, FeCl3∙6H2O (8.00 mmol; 2.162 g) 

and FeSO4∙7H2O (4.00 mmol; 1.112 g) were dissolved in an aqueous solution of HCl of 

0.50 mol/dm3 (5.00 mL), respectively. When the iron salts were completely dissolved, 
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the two solutions were mixed and then added dropwise to an aqueous solution of NaOH 

1.50 mol/dm3 (100.0 mL) under vigorous mechanical stirring and continued for 30 

minutes at room temperature. The colour of the suspension immediately turned black  

 which is a characteristic feature of magnetite (Fe3O4) particles. 

The precipitated solid was collected from the reactional mixture 

by magnetic separation, applying an external magnet (Figure 2.1), 

and then the supernatant solution was removed by decantation. 

The magnetic product was washed 2 times with deionized water 

(50.0 mL) and finally, dispersed in a stabilizing medium of TMAOH 

(25.00 mL) to avoid the MNPs aggregation. The concentration of 

the MNPs dispersion was approximately 3 g/L. 

2.3.2. Magnetic MIL-53(Fe) composite  

 The magnetic composite was prepared by a solvothermal process following a bottle-

around-the-ship approach based on a reported work.140 In a glass vial, 100 µL of MNPs 

were transferred from the MNPs suspension and washed 3 times with deionized water 

to remove the TMAOH solution. Then, FeCl3∙6H2O (1 mmol; 0.270 g) dissolved in DMF 

solution (5.00 mL) was added to the MNPs and the suspension was sonicated for about 

5 minutes. Afterwards, the terephthalic acid (1 mmol; 0.166 g) was added to the mixture 

and then again sonicated for 15 minutes. After sonication, the mixture was transferred to 

a Teflon-lined stainless-steel autoclave and heated up to 150 ºC for 12 h. After the heat 

treatment, the autoclave was allowed to cool down naturally to room temperature and 

the products were recovered by centrifugation at 6000 rpm for 15 minutes. In order to 

remove the solvent molecules, the solid was suspended in deionized water (200 mL) for 

24 h and then collected again by centrifugation. The 

obtained powder was dried at 60 ºC for 24 h under 

reduced pressure (175 mbar). The products from this 

synthesis presented two different colours, yellow, 

similar to the as-synthesized MIL-53(Fe) powder, and 

red (Figure 2.2) Due to this difference, the materials 

were named MIL-53Y and MIL-53R, respectively, and 

characterized in separate.  

2.3.3.  ZIF-derived porous carbon 

 The material was prepared based on a procedure from the literature144. The as-

synthesized ZIF-67(Co) powders (1.231 g) were divided in two porcelain combustion 

boats that were placed into a quartz tube which was kept inside a tubular furnace. The  

 

Figure 2.1. Magnetic 

separation of the MNPs 

by an external magnet. 

 
Figure 2.2. Magnetic separation of (a) 

MIL-53Y and (b) MIL-53R by an 

external magnet. 
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powders were directly carbonized under a nitrogen flow, to 

avoid undesired oxidation of the material. The temperature inside 

the furnace was gradually increased from room temperature to 

600 ºC at a heating rate of 5 ºC/min and the material was kept for 

5 h at the target temperature. The obtained black powder was 

collected with no further treatment and denoted as ZIF-DPC 

(Figure 2.3).  

2.4. Adsorption studies 

2.4.1. Determination of the pH at point of zero charge (pHZPC) 

The pHZPC of each material that was applied in the adsorption studies was previously 

determined following an adapted procedure from the literature.145 The experiments were 

performed in double deionized water with an adsorbent dosage of 1.00 g/L. The initial 

pH of each solution was adjusted, before adding the adsorbent, at different pH values, 

ranging from 2.00 to 10.00, using HCl and NaOH solutions of 1.00 mol/dm3. The 

suspensions were left under magnetic stirring for 48 h at room temperature. Afterwards, 

the pH of each suspension was measured and the difference between the final and initial 

pH (ΔpH) was calculated and plotted as a function of the initial pH. The pHZPC values 

were obtained at the point where ΔpH was equal to zero, this is, when the curve 

intersected the xx axis. 

2.4.2. Effect of adsorbent dosage 

The experiments to study the effect of adsorbent dosage were performed in glass 

vials containing 10.00 mL of Cu (II) metal aqueous solution with initial concentration of 

10.0 mg/L and different adsorbent dosages, ranging from 0.25 – 1 g/L. The suspensions 

were kept under magnetic stirring for 3 h at room temperature. During this period, the pH 

was monitored, and small additions of HCl and NaOH solutions of 1.00 mol/dm3 were 

used to maintain the pH at 5.50. Thereafter, the adsorbent was separated from the 

solution by centrifugation at 6000 rpm for 10 minutes and 1% (v/v) of HNO3 was added 

to the recovered solution and stored at 4 ºC for posterior quantification of the remaining 

copper concentration by AAS. All experiments were performed in duplicate.  

The adsorption capacity of the adsorbent and the corresponding removal efficiency 

were calculated by the following expressions (Eq. 1 and 2), respectively:  

𝑞 =
𝑐0−𝑐𝑒

𝑚
× 𝑉      (1) 

 

 

Figure 2.3. Magnetic 

separation of ZIF-DPC 

by an external magnet.  
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% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
(𝑐0−𝑐𝑒)

𝑐0
× 100     (2) 

where 𝑞 is the amount of Cu(II) adsorbed per gram of adsorbent (mg/g), 𝑐0 and 

𝑐𝑒 are the initial and the equilibrium concentrations of Cu(II) ions in solution (mg/L), 𝑚 is 

the mass of adsorbent used (g), and 𝑉 is the volume of the solution (L)  

2.4.3. Effect of pH 

The assays for the analysis of the effect of solution pH were carried out in glass vials 

with 10.00 mL of Cu (II) metal solution with initial concentration of 10.0 mg/L containing 

a fixed amount of adsorbent material (10.0 mg). The pH of the suspensions was adjusted 

to 3 different values, 3.50, 4.50 and 5.50, using HCl and NaOH solutions of 1.00 mol/dm3
. 

The suspensions were kept under magnetic stirring for 3 h at room temperature and the 

pH was controlled to the desired pH value by small additions of acid or base solutions. 

Subsequently, the adsorbent was separated from the solution by centrifugation at 6000 

rpm for 10 minutes and the solution was stored at 4 ºC with 1% (v/v) of HNO3 for posterior 

quantification of copper concentration by AAS. All experiments were performed in 

duplicate. 

2.4.4. Adsorption kinetics 

In order to evaluate the adsorption rate as function of the time contact for each 

adsorbent material, kinetic experiments were carried out in glass vials, where 10.00 mL 

of Cu(II) solution with initial concentration of 10.0 mg/L were mixed with 10.0 mg of 

adsorbent material and stirred at room temperature during different periods of time up to 

a maximum of 8 h. The initial pH of the suspensions was adjusted with HCl and NaOH 

solutions of 1.00 mol/dm3
 at 5.50 and readjusted over time when required. Each sample 

corresponded to a different contact time and were extracted at predefined time intervals, 

respectively. The adsorbent was recovered by centrifugation at 6000 rpm for 10 minutes 

and 1%(v/v) of HNO3 was added to each solution and stored at 4 ºC for subsequent 

copper ion quantification by AAS. All experiments were performed in duplicate.   

The study of the adsorption kinetic is essential to predict the removal rate of the 

adsorbate and provides some information about the mechanisms that control the 

adsorption processes. To accomplish this, mathematical fitting models are used, which 

the most common ones are the pseudo-first order (PFO) and the pseudo-second order 

(PSO) models.146  

The PFO and PSO kinetic models are represented by the following expressions (Eq. 

3 and 4): 

𝑞𝑡 =  𝑞𝑒(1 − 𝑒−𝑘1𝑡)     (3) 
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𝑞𝑡 =
𝑞𝑒

2𝑘2𝑡

1+𝑞𝑒𝑘2𝑡
      (4) 

where 𝑞𝑡  and 𝑞𝑒 are the amount of Cu(II) adsorbed per unit of mass of adsorbent for 

a contact time 𝑡 and at equilibrium (mg/g), respectively. 𝑘1 (min-1) is the rate constant of 

the PFO model and 𝑘2(g/(mg.min)) is the rate constant of PSO model.  

2.4.5. Adsorption Equilibrium 

The equilibrium experiments were carried out in glass vials containing 10.00 mL of 

Cu(II) ion solution with different initial concentrations, ranging from 10.0 to 800 mg/L, and 

10.0 mg of adsorbent material. Based on the outcome of the kinetic experiments, the 

samples were placed under magnetic stirring for 6 h, at room temperature, to ensure that 

the equilibrium had been attained for every concentration. The pH of the suspensions 

was also adjusted to 5.50 and thoroughly controlled during the course of the experiments 

by small additions of acid and base solutions. Afterwards, the adsorbent material was 

separated from the solution by centrifugation at 6000 rpm for 10 minutes and 1%(v/v) of 

HNO3 was added to each sample and stored at 4 ºC for posterior Cu(II) quantification by 

AAS. All experiments were performed in duplicate. 

The behaviour of an adsorption process in equilibrium can be represented by 

isotherm models, which mathematically describe the relationship between the amount of 

adsorbate adsorbed to the solid phase surface and its remaining concentration in 

solution, at a given temperature. The Langmuir and Freundlich isotherms are the most 

common models applied to explain adsorption processes in liquid phases.59, 147  

The Langmuir isotherm model can describe both chemical and physical adsorption 

processes, assuming that all adsorption sites are well-defined, homogeneous, and each 

one has equal affinity to interact with only one adsorbate molecule, creating a monolayer 

that completely covers the adsorbent surface. Also, the rate of adsorption and desorption 

are assumed to be proportional to the number of vacant and occupied adsorption sites, 

respectively, and the interactions between adjacent adsorbate molecules are not 

considered.147-149 This model is described by the following equation (Eq. 5): 

𝑞𝑒 =
𝑞𝑚𝑎𝑥𝐾𝐿𝑐𝑒

1+𝐾𝐿𝑐𝑒
     (5) 

where 𝑞𝑚𝑎𝑥 (mg/g) is the amount of adsorbate required to form a complete monolayer 

per unit of mass of the adsorbent, reflecting the maximum adsorption capacity of the 

material, 𝐾𝐿 (L/mg) is the Langmuir constant and 𝑐𝑒 is the concentration of adsorbate at 

equilibrium (mg/L).  
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Moreover, it is possible to evaluate the feasibility of a given adsorption process 

through the Langmuir isotherm by a dimensionless constant known as separation 

constant or equilibrium parameter, 𝑅𝐿, and can be expressed by the following equation 

(Eq. 6): 

𝑅𝐿 =
1

1+𝐾𝐿×𝑐0
     (6) 

where 𝐾𝐿 is the Langmuir constant (L/mg) and 𝑐0 is the initial concentration of the 

adsorbate (mg/L). The value of 𝑅𝐿 indicates whether the type of adsorption process is 

unfavourable (𝑅𝐿 > 1), linear (𝑅𝐿 = 1), irreversible (𝑅𝐿 = 0) or favourable (0 <  𝑅𝐿 < 1). 

The Freundlich isotherm is an empirical model usually applied to describe multilayer 

adsorption processes that occur on adsorbents with heterogeneous surface and irregular 

distribution of the adsorption sites affinities to the adsorbate molecules. Moreover, this 

model takes into account the repulsive interactions between the adsorbed molecules.147, 

149-150 The Freundlich isotherm model is represented by the following expression (Eq. 7): 

𝑞𝑒 = 𝐾𝑓𝑐𝑒
1/𝑛

     (7) 

where 𝐾𝑓 [((mg/g).(mg/L))1/n] and 𝑛 are Freundlich constants related to adsorption 

capacity and adsorption intensity, respectively. The magnitude of 1/𝑛 can be associated 

with the viability of the adsorption process, while the 𝑛 value can provide information 

regarding the nature of the adsorption, whether it is linear (𝑛 = 1), unfavourable (𝑛 < 1) 

or favourable (𝑛 > 1).  

2.4.6. Desorption and recycling studies 

The desorption experiments were performed with 10.0 mg of the adsorbent material 

after adsorption studies in 10.0 mg/L of Cu(II) ions solutions, with HCl solution 0.01 mol/L 

as the desorption solvent at a solid/liquid ratio of 1.00 g/L. The suspensions were kept 

under magnetic stirring for 24 h at room temperature. Then, they were separated by 

centrifugation at 6000 rpm for 10 min. The adsorbent materials were dried under vacuum 

at 60 ºC overnight for posterior use in consecutive adsorption cycles. The supernatant 

was collected and stored at 4 ºC with 1% (v/v) of HNO3 for posterior quantification of the 

Cu(II) ion concentration in solution by AAS. The desorption efficiency was determined 

from the relation between the adsorbed concentration of Cu(II) ions, 𝑐𝑎𝑑 (mg/L) and its 

equilibrium concentration in solution, 𝑐𝑒(mg/g), expressed by the following equation (Eq. 

8): 

% 𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝑐𝑒

𝑐𝑎𝑑
× 100    (8) 
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The recycled adsorbents were reused to extract Cu(II) ions in solutions with initial 

concentration of 10.0 mg/L under the same experimental conditions as the equilibrium 

studies using 1.00 g/L of adsorbent dosage. The adsorption capacity and removal 

percentage were calculated by the equations 1 and 2, respectively. All experiments were 

performed in duplicate. 

2.5. Experimental techniques 

2.5.1. Powder X-Ray Diffraction (PXRD) 

 X-ray diffraction is a powerful and effective non-destructive technique used to 

characterize solid materials, providing detailed information about their crystallographic 

structure at the atomic or subatomic scale (10-9-10-11 m). X-rays are a high-energy 

electromagnetic radiation, that are generated by the collision of high-speed electrons on 

a metal target (usually Cu and Mo), that were previously accelerated by a high-voltage 

field under vacuum conditions. The rapid deceleration of the electrons when they collide 

on the surface of the target allows the kinetic energy of the electrons to be converted into 

X-ray radiation.151  

 In a typical PXRD experiment, the crystalline 

specimen is placed on the sample holder, 

between the X-ray beam source and the 

detector, and illuminated with a wavelength-

shiftable monochromatic beam of X-rays, 

characteristic of the metal anode.  

 In general, the X-ray source and detector 

move in synchronized motion around the 

specimen, recording signals related to the 

diffraction intensities in a range of 2θ angle. 

(Figure 2.4) Thus, unique diffraction patterns characteristic of the atomic structure of the 

sample are generated. Given that the wavelength of the X-ray radiation is in the same 

order of magnitude as the interatomic plane distances, the incident beam will interact 

with the sample, inducing interference that can be destructive or constructive, either 

cancelling or reinforcing the diffracted waves, respectively. For X-ray diffraction to occur, 

the elastically scattered electrons from the lattice planes must interact constructively, 

which only occurs when the Bragg’s Law is satisfied (Figure 2.5).151-152 

 

Figure 2.4. Geometric arrangement of X-

ray diffractometer. Adapted from151. 
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Figure 2.5. Schematic representation of X-ray beam diffraction from a pair of adjacent atoms in different 

lattice planes. Adapted from151. 

This law states that constructive interferences happen when the path difference 

between the diffracted beams equals to one or multiple wavelengths of the incident X-

rays, and can be expressed by the following equation (Eq. 9): 

𝑛𝑖𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃    (9) 

where 𝑛𝑖 is the integer number, 𝜆 the radiation wavelength, 𝑑ℎ𝑘𝑙 the atomic spacing 

between crystallographic planes associated with a given Miller index (ℎ𝑘𝑙) and 𝜃 is the 

angle between incident X-ray beam and the crystallographic plane that causes 

diffraction.  

Powder X-ray diffraction (PXRD) patterns were obtained at room temperature on a 

Rigaku’s Smartlab diffractometer operating with a Cu radiation source (λ = 1.540593 Å) 

and in a Bragg-Brentano θ/2θ configuration (45 kV, 200 mA). Intensity data were 

collected by a step-counting method (step 0.01°), in continuous mode, in the 2 ≤ 2θ ≤ 50° 

range. For Fe3O4 nanoparticles and related magnetic materials, diffraction patterns were 

acquired until 2θ = 80º. All experiments were performed at Faculty of Sciences of 

the University of Porto. 

2.5.2. Fourier Transform Infrared Spectroscopy (FT-IR)  

Infrared (IR) spectroscopy is a type of absorption spectroscopy that is widely used to 

provide information about the molecular composition and interactions within a 

compound. The sample is irradiated in the vibrational IR region of the electromagnetic 

spectrum, that ranges from wavelengths of 2.5 to 25 µm, corresponding to 4000 – 400 

cm-1 in terms of wavenumbers (�̅�), that is directly proportional to the frequency and 

energy. The energy of IR photons is insufficient to cause electronic excitation. 

Nonetheless, it can result in molecular vibrational excitation if their energy matches the 

energetic difference between the excited and ground energy state associated with a 

given vibrational mode among two atoms, increasing the amplitude of the vibrational 
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motions of the covalent bonds within a molecule. However, only those bonds that have 

an electric dipole moment that changes as a function of time at the same frequency as 

the incoming radiation, will absorb IR radiation.151, 153  

Each molecule has a defined number of different vibrational modes, that are 

dependent on the degrees of freedom present in a molecule. In case of the linear 

molecules, there are 3N-5 normal modes of vibration and in the non-linear molecules are 

3N-6 modes, where N is the number of atoms of the molecule. These vibrational modes 

can be broadly divided into two types: stretching, if there is a change in the length of the 

bonds, or bending, if the angle between two bonds is changed, as illustrated in Figure 

2.6. Each one of these vibrational modes absorb at different frequencies of vibration, 

stretching vibrational modes usually absorb at higher frequencies than bending 

vibrations.151 

In order to obtain an IR spectrum of a given sample, a beam of IR light containing all 

frequencies of interest pass through the sample, and the amount of transmitted radiation 

is detected. The signal received constitutes an interferogram of all transmitted 

wavelengths of the incident IR radiation and it is converted into an IR spectrum by the 

Fourier transform, giving a plot of transmitted light intensity versus wavenumber.151, 153  

Since every bond presents a different frequency of vibration, which is also dependent 

on the molecular environment that it lies in, the position of all spectrum vibrational bands 

and their relative intensities are characteristic of a given molecular species. Therefore, 

this technique can be used to identify the presence of a given molecule in a sample, 

accomplish through comparison/overlap of the obtained sample IR spectrum with 

previously reported IR absorption bands of a specific substance. 

FT-IR absorption spectra were obtained on a Jasco FT/IR-460 Plus spectrometer, 

using KBr pellets. Spectra were collected in the range 400–4000 cm-1, using a resolution 

of 4 cm-1 and 64 scans. All experiments were performed at Faculty of Sciences of the 

University of Porto. 
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Figure 2.6. Representation of the different types of stretching and bending vibrations. Adapted from153. 

2.5.3. Scanning Electron Microscopy and Energy Dispersive X-ray 

Spectroscopy (SEM/EDS) 

SEM is an imaging technique that is widely used to characterize the surface and 

structure of a given material, providing useful information about the topology, 

morphology, and particle size, through quasi-3D high-resolution images with a maximum 

resolution in the nanometre scale. Moreover, SEM instruments are usually coupled with 

an energy dispersive X-ray spectrometer (EDS), which enables the evaluation of the 

chemical composition and its distribution over the specimen surface.151-152 

The working principle of SEM is based on scanning a specimen surface with a 

focused beam of electrons. The electrons are generated from an electron gun and 

accelerated by an electric potential to pass through a combination of electromagnetic 

lenses, including condenser and objective lenses, to acuminate and focus the electron 

beam as a fine probe with a spot size diameter at the nanometre scale, as illustrated in 

Figure 2.7. The probe is operated by a sequential deflection system that moves the 

electron beam over a defined area of the specimen, which is usually placed in high 

vacuum chambers to avoid undesired dispersion of the electron beam. When the high-

energy beam of electrons interacts with the surface specimen, it produces different types 

of signals, such as secondary electrons, backscattered electrons, and characteristic X-

ray photons, that are collected by appropriate detectors and generate high-resolution 

point-to-point images, known as SEM micrographs, as well as, elemental spectra or 

maps.151, 154  

The secondary electrons are generated by interaction of the (primary) beam 

electrons by inelastic scattering and provide valuable insights about the topology and 
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morphology of the specimen surface. On the other hand, backscattered electrons result 

from elastic scattering of the incident beam with the specimen. The number of 

backscattering electrons produced, and their intensity is related to the atomic number of 

the atoms, which provide useful information about the spatial distribution of different 

elements on the specimen surface. The X-rays are emitted from the surface of the 

specimen and have a specific wavelength that is characteristic for each element, since 

each one has a unique energy difference of electronic transitions between the excited 

and ground states. They are used to identify and determine the relative abundance of 

different elements in a defined area of the specimen. Also, X-rays can be combined with 

the secondary electrons to produce elemental distribution maps (EDS mapping).151, 154 

In this work, SEM analyses were performed at ‘‘CEMUP – Centro de Materiais da 

Universidade do Porto’’ (Porto, Portugal), using a high-resolution environmental 

scanning electron microscope, FEI Quanta 400 FEG ESEM, coupled with an EDS, EDAX 

Genesis X4M. The average particle sizes presented were determined using the ImageJ 

software, measuring a total of 30 particles. Then, the arithmetic mean of the obtained 

values and the respective standard deviation were determined.  

 

Figure 2.7. Schematic representation of the basic working principle of SEM (left) and the products of the 

electron-sample interactions (right). Adapted from154 

2.5.4. Thermogravimetric Analysis (TGA) 

TGA is an analytical technique used to evaluate the thermal stability of a given 

material and quantify volatile substances that may be present by measuring mass 

changes that occur as a function of temperature or time. Although this technique does 

not allow for undisputed identification of the substances that cause mass loss, one can 

assume by comparing the temperature at which the mass variation occurs with the 
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boiling temperatures of the compounds expected to be present in the sample. TGA can 

be either static (or isothermal), if the sample is maintained at constant temperature for a 

period of time, or dynamic (non-isothermal), if the temperature is changed over time at 

constant or variable rate.152, 155  

In a typical TGA experiment, the mass change is monitored by a thermobalance, 

where 2-10 mg of sample are placed in a sample holder inside a furnace, with a 

programmable temperature control, and it is connected to a microbalance by a 

suspension wire, allowing a precise measurement of the mass variation (Figure 2.8). The 

thermal analyses can be either performed under inert (N2 and dry Ar), or reactive 

atmospheres (O2, H2 and CO2) depending on the experiment goals. Besides the 

temperature control, the gas flow and pressure in the furnace can be also adjusted.151, 

155  

The TG data collected from an experiment is compiled into a plot of mass or 

percentage of initial mass as a function of temperature or time, which is known as a TG 

curve. The slope variation in a TG curve is the main feature used to analyse mass 

changes. However, since in some cases the slope variation is not so notorious, the first 

derivative of the TG curve is determined and represented as DTG curve, in which the 

rate of the mass changes upon heating is plotted against temperature. The DTG curve 

does not contain any additional information other than the already obtained in the TG 

curve, however, it provides a more detailed interpretation of the experimental data, 

allowing the clear identification of the temperatures at which the mass losses are at its 

maximum.151, 155 

The thermogravimetric analyses were performed in a Hitachi STA 7200 RV 

instrument, under inert atmosphere (200 mL/min N2 flow rate), from room temperature to 

800 ºC at a heating rate of 5 ºC/min. All experiments were performed at Faculty of 

Sciences of the University of Porto. 
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Figure 2.8. Schematic diagram of the basic step-up of a TGA instrument. Adapted from156. 

2.5.5. N2 adsorption/desorption isotherms 

Nitrogen adsorption is a well-established and widely used method to characterize 

porous materials, allowing the determination of their specific surface area and pore 

volume. These properties are assessed from the adsorption/desorption isotherms data, 

which consist of measuring the amount of physiosorbed/desorbed nitrogen as a function 

of pressure at constant temperature. The isotherms are usually recorded at cryogenic 

temperatures, which for nitrogen is at -196 ºC.157  

In a typical N2 adsorption/desorption experiment, the samples are first outgassed 

under vacuum at a given temperature, in order to remove any adsorbate molecules that 

may be trapped inside the porous material. In this step, the temperature at which the 

process is carried out must be carefully chosen, since high temperatures might cause to 

partial decomposition of the material, while low temperatures could lead to the 

incomplete outgassing of the sample, thus impairing the final outcome. After this stage 

is complete, the weighted sample cell is cooled down to -196 ºC and then a specific 

amount of nitrogen is introduced into the sample cell. From the moment that both 

pressure and temperature inside the cell are stable, the isotherm starts to be recorded 

until the adsorbent surface is completely covered. Thereafter, the nitrogen inside the 

sample cell is gradually removed and desorption cycle begins.158 

According to IUPAC, the adsorption isotherms can be categorized in six different 

types, providing a direct classification of a given porous material based on the shape of 

the outcome isotherm (Figure 2.9).157 Type I isotherms are given by microporous solids 

(pore size < 2 nm) with small external surfaces. Type II isotherms are normally obtained 
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by nonporous or macroporous materials (pore size > 50 nm) with unrestricted multilayer 

adsorption. Type III isotherms are not often seen in most materials, although it can occur 

when the adsorbate-adsorbate interactions are stronger than the adsorbate-adsorbent 

interactions. Isotherms of type IV are usually seen in mesoporous materials (pore size 

between 2 – 50 nm), featuring a monolayer-multilayer adsorption at lower relative 

pressures followed by capillary condensation in the mesopores at high pressures, 

causing the hysteresis loop upon desorption. The type V isotherms are observed for 

mesoporous materials that, as in type III, establish weak interactions with the adsorbate. 

Finally, type VI isotherms can be observed for materials with uniform surface, featuring 

a layer-by-layer adsorption type.157-158 

 

Figure 2.9. The six types of physisorption isotherms according to IUPAC. Adapted from157. 

The most common method used to determine the specific surface area is the 

Brunauer-Emmett-Teller (BET) theory, described by the following equation (Eq. 10): 

𝑝

𝑉×(𝑝0−𝑝)
=

1

𝑉𝑚×𝐶𝐵𝐸𝑇
+

𝐶𝐵𝐸𝑇−1

𝑉𝑚×𝐶𝐵𝐸𝑇

𝑝

𝑝0    (10) 

where 𝑝 and 𝑝0 are the pressure inside the sample cell and the saturation pressure 

of the adsorbate at a given temperature (bar), respectively, 𝑉 is the volume adsorbed 

(dm3), 𝑉𝑚 is the volume of adsorbate required to form a complete monolayer (dm3/g) and 

𝐶𝐵𝐸𝑇 is the BET constant, associated with the magnitude of the adsorbent-adsorbate 

interactions.159 

Based on the 𝑉𝑚 value, the specific surface area, 𝐴𝑠,𝐵𝐸𝑇 (m2/g), can be calculated by 

the following equation (Eq. 11): 

𝐴𝑠,𝐵𝐸𝑇 =
𝑉𝑚×𝑁𝐴×𝑎𝑚

𝑉𝑚𝑜𝑙𝑎𝑟 ×𝑚
     (11) 
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where 𝑁𝐴 is the Avogadro constant (mol-1), 𝑎𝑚 is the cross-sectional area occupied 

by a single adsorbate molecule (16.2 Å2 for N2), 𝑉𝑚𝑜𝑙𝑎𝑟  is the molar volume of the 

adsorbate (dm3/mol) and 𝑚 is the sample mass (g).157 

Apart from the specific surface area, the nitrogen adsorption measurements can also 

be used to determine the total pore volume, 𝑉𝑝 (cm3/g), of micro- and mesoporous 

adsorbents, assuming that for a relative pressure (𝑝/𝑝0) in the 0.95-1 range, all pores are 

filled with condensed gas, and is described by the following expression (Eq.12): 

𝑉𝑝 = 𝑛𝑎𝑑𝑠 × 𝑉𝑚𝑜𝑙𝑎𝑟 × 𝐵    (12) 

where 𝑛𝑎𝑑𝑠 is the amount of N2 adsorbed (mmol/g), 𝑉𝑚𝑜𝑙𝑎𝑟  is the molar volume of N2 

(cm3/g) and 𝐵 is a density conversion factor (for N2 at -196 ºC is 0.0015458).160 

The mean pore diameter can also be calculated assuming a cylindrical shaped pore 

by the following equation (Eq.13): 

𝐷𝑝 =
4×𝑉𝑝

𝐴𝑠,𝐵𝐸𝑇
      (13) 

where 𝑉𝑝 is the total pore volume and 𝐴𝑠,𝐵𝐸𝑇 is the specific surface area determined 

by BET model. 

In this work, N2 adsorption/desorption isotherms were performed at -196 ºC using a 

Quantachrome Quadrasorb instrument. The samples were firstly outgassed under 

vacuum at 80 ºC for 6h and then at 120 ºC for 12h using a Quantachrome Masterprep 

instrument. All experiments were performed at Évora University. 

2.5.6. Atomic Absorption Spectrometry (AAS) 

AAS is one of the most widely used methods for the quantification of chemical 

elements, especially for trace metals analysis. This technique is based on irradiating free 

gaseous atoms with electromagnetic radiation in the ultraviolet/visible region at a specific 

wavelength, which will only be absorbed by the analyte in study, thus producing a 

measurable signal.161 The amount of absorbed light is the difference between the initial 

light intensity (𝐼0) and the intensity of the transmitted light (𝐼) considering that no 

interferences occur. The quantification of the analyte concentration is obtained by the 

Lambert-Beer law, that describes a linear relationship between the absorbance and the 

concentration of analyte atoms and the optical path which can be expressed by the 

following equation (Eq.14):  

𝐴 = 𝑙𝑜𝑔 (
𝐼0

𝐼
) = 휀 × 𝐿 × 𝑐    (14) 
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where 휀 is the molar extinction coefficient (m2/mol), 𝐿 is the optical path length (m) 

and 𝑐 is the analyte concentration (mol/dm3).162 

Typically, an atomic absorption spectrometer can be divided into four main 

components (Figure 2.10): a light source, which emits an intense atomic line spectrum 

of the element of interest; an atomization system, where the sample is converted into 

gaseous atoms; a monochromator, which selects and isolates only the wavelength of 

light that is absorbed by the analyte; and a detector, which quantifies the intensity of light 

passing through the monochromator.162-163  

The most common light sources in AAS are the hollow cathode lamps, which consist 

of an enclosed glass tube, filled with inert gas (Ar or Ne) at low pressure, containing an 

anode and a cathode coated with the element of interest. When an electrical potential is 

applied across the electrodes, the filling gas atoms are ionized and accelerated towards 

the cathode. Once the gas ions impact on the cathode surface, the metal atoms are 

ejected and collide with other gas ions, leading to their excitation and consequently to 

the emission of photons at a characteristic wavelength when returning to their ground 

state. Therefore, each hollow cathode lamp is specific for a given element, which restricts 

the AAS measurements to one element analysis at a time.162, 164  

In general, the analysis of liquid samples performed by spectrometers with flame 

atomizers. In a typical experiment, the solution is aspirated by a pneumatic nebulizer, 

transformed into an aerosol in a nebulization chamber and mixed with the flame gases 

(usually a mixture of air-acetylene) before entering in the flame. Once the sample aerosol 

reaches the flame, a sequence of several processes can occur, including desolvation of 

the droplets, vaporization of solid particles, dissociation of molecular species into free 

atoms and possible undesired ionization of the atoms.162-163  

The AAS analysis were performed in a Perkin Elmer AAnalyst 200 instrument (λ = 

324.75 nm) using calibration solutions with Cu(II) concentrations ranging from 0.1 to 10 

mg/L (Figure A.1. in the Appendix section). All experiments were performed at Faculty 

of Sciences of the University of Porto. 



44 FCUP 
Design of porous materials for environmental remediation 

 

 

Figure 2.10. Schematic representation of the main components of an AAS instrument. Adapted from165. 
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3.  MOFs characterization 

 

3.1. MIL-100(Fe) 

3.1.1. PXRD 

The as-synthesized MIL-100(Fe) was first characterized by PXRD, in order to obtain 

information about its crystallographic structure. As shown in Figure 3.1, the experimental 

PXRD pattern of MIL-100(Fe) is in good agreement with the simulated XRD pattern 

obtained from the crystallographic data of MIL-100(Fe) single crystals, confirming that 

the material was successfully prepared.134  

Interestingly, despite the fact that the MOF synthesis was performed at room 

temperature, the experimental PXRD pattern exhibited well-defined and sharp diffraction 

peaks, which is a good indicator of the high crystallinity of the material. The main 

diffraction peaks observed at 2θ of 3.65º, 4.24º, 4.06º, 5.50º, 6.51º, 10.49º and 11.25º 

correspond to the (220), (311), (400), (331), (511), (822) and (842) lattice planes, 

respectively, which are characteristic of the cubic zeolite Mobil Thirty-Nine (MTN) 

architecture of MIL-100 materials indexed to the Fd3̅m space group.166-167  

 

 

Figure 3.1. PXRD patterns of MIL-100(Fe) (a) simulated and (b) as-synthesized. 
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3.1.2. FT-IR 

The molecular structure of MIL-100(Fe) was assessed by FT-IR and the resulting 

spectrum is displayed in Figure 3.2, revealing valuable information about the presence 

of characteristic vibrational bands related to the main functional groups in the framework 

structure.  

The three main absorption peaks around 1630 cm-1, 1574 cm-1 and 1383 cm-1 are 

attributed to the stretching vibrational mode of the C=O bond and the asymmetric and 

symmetric stretching vibration of the O–C–O bond of the coordinating carboxylate 

groups, respectively, confirming the presence of the organic linker in the framework of 

MIL-100(Fe).168 Also, two sharp peaks at 760 cm-1 and 712 cm-1 can be observed 

corresponding to the bending vibrational modes of the =C–H bonds from the benzene 

rings. The vibrational band around 484 cm-1 is related to the stretching vibrational mode 

of Fe–O bond, indicating that the metal ions are coordinated to the carboxyl groups of 

the trimesate linkers. 

Furthermore, the FT-IR spectrum shows that the purification method used to remove 

residual molecules of organic linker was efficient, due to the absence of the characteristic 

vibrational band at ca. 1710-1720 cm-1 associated with the stretching vibrational mode 

of the C=O bond of free carboxyl groups.169  

 

 

Figure 3.2. FT-IR spectrum of the as-synthesized MIL-100(Fe). 
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3.1.3. TGA 

The thermal stability of MIL-100(Fe) was evaluated by TGA, revealing that the 

framework structure was stable up to 300 ºC, which is in agreement with previously 

published works.170-171 The resulting TG curve, presented in Figure 3.3, showed the 

occurrence of several mass losses within the studied temperature range.  

The first mass loss (~24%) around 50 ºC could be due to the release of physiosorbed 

water molecules on the MOF surface or inside the porous framework. The second mass 

loss (~9%) between 70 ºC and 250 ºC could be related to the removal of water molecules 

coordinated to the iron trimers and free trimesic acid molecules.  

Moreover, the mass losses (~10% + 16%) between 300 and 500 ºC could be 

associated to the decomposition of coordinated trimesate groups, followed by the 

collapse of the MOF crystalline structure. According to the literature, pure trimesic acid 

compounds are thermally stable up to 250 ºC, which is 50 ºC below the temperature at 

which the MIL-100(Fe) structure begin to decompose.172 This suggests that the organic 

precursors are in fact coordinated to the metal clusters, thus increasing their thermal 

stability. The final mass loss (~12%) may have been caused by the further destruction 

of the remaining framework and potential formation of iron oxides from the metal-oxo 

cluster units. 171, 173  

 

 

Figure 3.3. TG and DTG curves of MIL-100(Fe). 
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3.1.4. SEM/EDS 

The morphology and particle size of MIL-100(Fe) were verified by SEM while its 

chemical composition was assessed by EDS analysis. The resulting SEM micrographs 

and the EDS spectrum are represented in Figure 3.4 and 3.5, respectively.  

The SEM micrographs revealed agglomerated particles with octahedral shape and 

an average particle size of 274 ± 57 nm. The resulting morphology is in agreement with 

the underlying topology identified through XRD analysis. Moreover, these observations 

are characteristic of MIL-100(Fe) materials that were synthetized under similar 

conditions 168, 174  

The EDS analysis detected the main chemical elements present in MIL-100(Fe), 

such as iron, carbon, and oxygen, confirming the elemental composition of the sample. 

However, the relative abundance of oxygen and carbon cannot be unequivocally 

attributed to the sample composition due to external influences related to the sample 

preparation, such as from the double-sided carbon tape used to fix the sample and its 

exposure to an oxidizing atmosphere. The appearance of small amounts of gold and 

palladium is the result of the deposition of a conductive coating before SEM analyses. 

 

 

Figure 3.4. SEM micrographs of MIL-100(Fe) at different magnifications (a) 20,000 x (b) 50,000x. 
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Figure 3.5. EDS spectrum of MIL-100(Fe). 

 

3.2. MIL-88A(Fe) 

3.2.1. PXRD 

The crystalline structure of the as-synthesized MIL-88A(Fe) was analysed by PXRD. 

Figure 3.6 shows the experimental and simulated XRD pattern from crystallographic data 

of MIL-88A(Fe) single crystals with hexagonal structure indexed to the 𝑃6̅2𝑐 space 

group.175 

As it can be observed, the experimental diffraction pattern is in accordance with the 

simulated pattern, indicating that the crystalline structure of MIL-88A(Fe) was 

successfully prepared. However, the intensity of the diffraction peak at 2θ = 8.10º, 

corresponding to the (100) crystallographic facet, is much lower than the intensity of the 

simulated one, which might be due to the type of solvent used in the material synthesis. 

It is known that the solvents used in MOF syntheses can have a strong influence on the 

overall morphologies of the crystals owing to their ability to act as directing agents during 

the self-assembly process. Previously reported studies, suggest that MIL-88A(Fe) 

crystals synthesized in water exhibit preferential growth of the (101) crystallographic 

facet over the (100), which is consistent with the obtained results.176-177  
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Figure 3.6. PXRD pattern of MIL-88A(Fe) (a) simulated and (b) as-synthesized. 

 

3.2.2. FT-IR 

The chemical structure of MIL-88A(Fe) was further characterized by FT-IR and the 

obtained spectrum is shown in Figure 3.7. The two strong vibrational bands at 1601 cm-

1 and 1394 cm-1 correspond to the asymmetric and symmetric stretching vibrational 

modes of the O–C–O bond from the coordinating carboxylate groups of the fumaric acid 

molecules, respectively. This confirms the presence of the organic linker in the MIL-

88A(Fe) framework. The sharp, but less intense, vibrational band at 980 cm-1 can be 

assigned to out-of-plane bending vibrational modes of the C=C bond. Furthermore, the 

absorption peak at ca. 575 cm-1 can be attributed to the stretching vibrational mode of 

the Fe–O bond. These findings confirm that the fumarate anions are coordinated to the 

iron cations through the carboxylate groups, resulting in iron-oxo clusters. 

The absence of a strong vibrational band around 1700 cm-1, typical of the stretching 

vibrational mode of free carbonyl groups, indicates that free fumaric acid molecules were 

successfully removed during the purification process. 178-179  
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Figure 3.7. FT-IR spectrum of the as-synthesized MIL-88A(Fe). 

 

3.2.3. TGA 

The thermal behaviour of the as-synthesized MIL-88A(Fe) was examined by TGA 

and the obtained data is presented in Figure 3.8. The TG curve revealed four main mass 

loss stages upon heating the sample from room temperature up to 800 ºC.  

The first mass loss (~26%), occurred from 50 to 100 ºC and can be related to the 

volatilization of physically adsorbed water molecules inside the framework cavities. The 

second mass loss (~11%), that occurs between 200 ºC and 300 ºC, could be due to the 

removal of water molecules bounded to the iron trimer clusters concomitant with a minor 

decomposition of free fumaric acid molecules.  

Further degradation (~24%) occurred from 300 ºC to 450 ºC which can be attributed 

to the complete decomposition of the fumarate ligands, followed by the collapse of the 

metal-organic framework. According to the literature, pure fumaric acid compounds 

present lower thermal stability than what was observed for MIL-88A(Fe), since they are 

completely decomposed after 280 ºC. This suggests that the fumarate anions are 

strongly coordinated to the metal clusters, thus increasing their thermal stability.180  

The final mass loss (~13%) took place at 600 ºC and can be assigned to the 

progressive formation of iron oxides from the metal-oxo clusters. The results gathered 

through TGA indicate that the framework structure of MIL-88A(Fe) is thermally stable up 

to 300 ºC, which is in good agreement with previously reported studies.176, 179 
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Figure 3.8. TG and DTG curves of MIL-88A(Fe). 

 

3.2.4. SEM/EDS 

The morphology of the prepared MIL-88A(Fe) particles was evaluated by SEM and 

the resulting micrographs at different magnifications are shown in Figure 3.9. The SEM 

micrographs revealed well-crystallized particles with a uniform hexagonal rod-like shape 

at the micrometric scale. The average size of the MIL-88A(Fe) microrods was 5.83 ± 

1.00 µm in length and 1.33 ± 1.00 µm in width. The observed morphology is characteristic 

of MIL-88A(Fe) particles synthetized under similar conditions and it is consistent with the 

results obtained through PXRD analysis.138  

The chemical composition of MIL-88A(Fe) was evaluated by EDS analysis and it is 

presented in Figure 3.10. As expected, the obtained EDS spectrum confirmed the 

presence of iron in the sample. Considerable amounts of chlorine were also detected, 

probably arising from the ferric chloride used as metal precursor in the MOF synthesis. 
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Figure 3.9. SEM micrographs of MIL-88A(Fe) at different magnifications (a) 5,000 x, (b) 25,000 x. 

 

 

Figure 3.10. EDS spectrum of MIL-88A(Fe). 

 

3.3. MIL-88B(Fe) 

3.3.1. PXRD 

The crystallographic structure of the prepared MIL-88B(Fe) crystalline framework 

was evaluated by PXRD. As it can be seen in Figure 3.11, the experimental diffraction 

pattern matched well with the simulated pattern obtained from the crystallographic data 

of single crystals, confirming the successful synthesis of MIL-88B(Fe).133 The diffraction 

peaks at 2θ of 9.60º, 10.61º, 16.84º, 19.29º, 19.82º, 21.36º and 26.01º corresponding to 

the (100), (101), (103), (004), (201), (202) and (105) lattice planes are characteristic of 

the hexagonal MIL-88B(Fe) topology indexed to the 𝑃6̅2𝑐 space group.181 Moreover, the 
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appearance of narrow and well-defined diffraction peaks indicates that the solvothermal 

synthesis produced highly crystalline structures.182 

 

 

Figure 3.11. PXRD pattern of MIL-88B(Fe) (a) simulated and (b) as-synthesized. 

 

3.3.2. FT-IR 

In order to further analyse the structural integrity of MIL-88B(Fe), FT-IR spectroscopy 

was performed, and the acquired spectrum is presented in Figure 3.12. The absorption 

peak at 1652 cm-1 is attributed to the stretching vibrational mode of the carbonyl group 

from the coordinated terephthalate linker. The strong absorption peaks at 1602 cm-1 and 

1392 cm-1 are characteristic of the asymmetric and symmetric stretching vibrational 

modes of the carboxylate groups, respectively, confirming the existence of coordinated 

dicarboxylate linkers in the structure of MIL-88B(Fe). In addition, the vibrational bands at 

749 cm-1 and 555 cm-1 are attributed to the bending vibrational mode of the =C–H bonds 

in the aromatic ring and the stretching vibrational mode of the Fe–O bond of the iron-

oxo-clusters, respectively.183-184 

The IR spectrum also suggests that the purification process performed with deionized 

water and ethanol was efficient, due to the absence of characteristic absorption peaks 

from the solvent (DMF) and non-coordinated ligands in the 1750-1700 cm-1 range 

assigned to stretching vibrations of the C=O group.185 
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Figure 3.12. FT-IR spectrum of the as-synthesized MIL-88B(Fe). 

 

3.3.3. TGA 

TGA provided information about the thermal decomposition of MIL-88B(Fe) and the 

resulting TG and DTG curves are shown in Figure 3.13. The TG curve revealed two mass 

loss stages as the temperature increased up to 800 ºC. No mass loss was observed until 

300 ºC, indicating that the structure of MIL-88B(Fe) is thermally stable at this temperature 

range, which is in good agreement with previously reported TG curves.186-187 

 A drastic mass loss of 29.5% occurred from 300 ºC up to 500 ºC, which could be 

ascribed to the decomposition of the terephthalate anions along with the rupture of the 

MIL-88B(Fe) framework. The second step begun above 500 ºC and can be attributed to 

the further pyrolysis of the organic content and transformation of the metal clusters into 

iron oxides.186-187  

The TG curve also confirmed that the purification and drying processes to remove 

solvent or water molecules inside the pores and/or adsorbed at the MOF surface were 

successful given the absence of mass losses below 300 ºC, which otherwise would occur 

between 30 ºC and 180 ºC, typical of the volatilization of solvent molecules, such as 

water, ethanol and DMF.187 
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Figure 3.13. TG and DTG curves of MIL-88B(Fe). 

 

3.3.4. SEM/EDS 

The morphological characterization of MIL-88B(Fe) particles was performed by SEM 

and the obtained micrographs are shown in Figure 3.14. The SEM micrographs revealed 

elongated particles with a hexagonal shape, which is consistent with the obtained PXRD 

pattern and previously reported studies.183, 186, 188 The MIL-88B(Fe) particles display an 

average length of 6.22 ± 2.00 µm and average width of 1.47 ± 0.50 µm. 

The elemental composition of MIL-88B(Fe) was attained by EDS analysis and the 

obtained EDS spectrum is shown in Figure 3.15. The presence of iron in the sample was 

confirmed. It was also found minor relative quantities of chlorine, which was probably 

resultant from the ferric chloride used as metal precursor in the synthesis of MIL-88B(Fe). 
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Figure 3.14. SEM micrographs of MIL-88B(Fe) at different magnifications (a) 15,000 x, (b) 25,000 x. 

 

 

Figure 3.15. EDS spectrum of MIL-88B(Fe). 

 

3.4. MIL-53(Fe) 

3.4.1. PXRD 

Figure 3.16 presents the PXRD patterns of MIL-53(Fe), before and after activation 

procedure, and the simulated pattern from crystallographic data of MIL-53(Fe) single 

crystal structure. The framework of MIL-53(Fe) is well-known for its breathing behaviour, 

consisting of reversible structural deformations that can be triggered by temperature, 

pressure, or exchange of guest molecules. In this case, the as-synthetized MIL-53(Fe) 

underwent structural transitions due to the uptake of different guest molecules.101, 189 The 

structural analysis of MIL-53(Fe) before activation resulted in a diffraction pattern that is 



58 FCUP 
Design of porous materials for environmental remediation 

 

assigned to the crystallographic structure of MIL-53(Fe) when the pores are filled with 

DMF molecules. DMF tends to establish strong hydrogen bonding interactions with the 

carboxylate groups inside the framework pores, inducing a gradual closure of MIL-53(Fe) 

pores, and consequently altering the unit cell parameters and distance between the 

lattice planes. This results in substantial changes in the position of the diffraction peaks 

associated with the characteristic crystallographic planes of MIL-53(Fe). The XRD 

pattern of MIL-53(Fe) before activation is in accordance with previously reported studies 

in the literature for MIL-53(Fe) materials containing DMF molecules.190-191  

The activation of MIL-53(Fe) consisted in a guest exchange process, where DMF 

molecules were replaced by water molecules. Since water molecules have a lower 

boiling point than DMF molecules, they are easier to remove by standard drying 

procedures. The PXRD pattern obtained for the MOF after the activation process is in 

agreement with the simulated pattern from MIL-53(Fe) single crystals indexed to the 

𝐶2/𝑐 space group, being a good indicator that the synthesis and activation of MIL-53(Fe) 

were successful.131, 191 These outcomes further evidence the flexible behaviour of the 

framework of MIL-53(Fe) without permanent structural deformation upon guest 

molecules exchange.  

 

 

Figure 3.16. PXRD pattern of MIL-53(Fe) (a) simulated, (b) before activation, and (c) after activation. 
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3.4.2. FT-IR 

The functional groups within the structure of MIL-53(Fe) before and after activation 

were characterized by FT-IR spectroscopy, and the corresponding spectra are shown in 

Figure 3.17. By comparison of both spectra, it can be seen the appearance of a more 

intense absorption peak at 1668 cm-1 in the infrared spectrum of MIL-53(Fe) before 

activation that after the activation, which can be assigned to the stretching vibrational 

mode of the carbonyl group of adsorbed DMF molecules.190 A shift to higher 

wavenumbers can also be observed for the characteristic vibrational bands of the O–C–

O asymmetrical and symmetrical stretching modes of the carboxylic groups from 1536 

cm-1 to 1556 cm-1 and from 1384 cm-1 to 1392 cm-1, respectively, in the presence of DMF. 

This can be attributed to the influence of the hydrogen bonds established between the 

hydroxyl groups belonging to the carboxylic groups and the aldehyde moiety of DMF.190  

Furthermore, the sharp vibrational band at 750 cm-1 can be assigned to the bending 

vibrational mode of the =C–H bonds of the benzene ring. The absorption peak at 538 

cm-1 can be ascribed to the stretching mode of Fe–O bond, confirming the coordination 

of the terephthalate linkers to the metal ions.141, 192  

 

 

Figure 3.17. FT-IR spectrum of MIL-53(Fe) (a) before activation and (b) after activation. 
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3.4.3. TGA 

The thermal profiles of the pristine MIL-53(Fe) before and after activation obtained 

by TGA are shown in Figure 3.18 and 3.19, providing valuable information about the 

thermal stability of the framework and presence of different guest molecules. Both TG 

curves revealed very similar steps at specific temperature points, suggesting that the 

frameworks had nearly the same thermal stability, but distinct content of guest 

molecules.  

The TG profile of MIL-53(Fe) before activation showed a notorious mass loss (~18%) 

before 250 ºC, which could be due to the desorption of guest molecules that were present 

in MIL-53(Fe) pores. The DTG curve revealed that the maximum mass loss occurred at 

176 ºC, which is in the same temperature range as the boiling point of DMF. Whereas, 

in the TG curve of MIL-53(Fe) after activation, a minimal mass loss (~5%) was observed 

below 100 ºC, which could be related to the removal of physiosorbed water molecules.131, 

190 Between 250 ºC and 500 ºC, both materials lost approximately 36% of their mass, 

which could correspond to the decomposition of the terephthalate linkers and partial 

collapse of the MOF framework. Above 500 ºC, a mass loss of ~12% occurred in both 

TG curves, which could be associated to the complete collapse of the MOF framework 

and further pyrolysis of the organic backbone combined with the formation of iron oxides 

from the metal-oxo clusters.193-194 

 

 

Figure 3.18. TG and DTG curves of MIL-53(Fe) before activation. 
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Figure 3.19. TG and DTG curves of MIL-53(Fe) after activation. 

 

3.4.4. SEM/EDS 

The morphology and particle size of MIL-53(Fe) before and after activation were 

evaluated by SEM and the corresponding micrographs are presented in Figure 3.20. 

The SEM micrographs showed analogous morphologies for both MIL-53(Fe) before and 

after activation, revealing well-defined elongated particles with triangular prism shape at 

a micrometric scale, which is characteristic of MIL-53(Fe) polycrystals synthetized under 

the same solvothermal conditions, according to previously reported studies.140, 194 The 

average size of MIL-53(Fe) particles before activation was 30.1 ± 9.0 µm in length and 

13.7 ± 6.0 µm in width, while MIL-53(Fe) particles after activation revealed an average 

size of 43.8 ± 18.0 µm in length and 17.6 ± 6.0 µm in width, suggesting that the particle 

sizes were not significantly affected by the guest exchange process. 

The elemental compositions of MIL-53(Fe) before and after activation were also 

analysed by EDS and the respective spectra are shown in figure 3.21. Both samples 

revealed very similar elemental compositions, in which the presence of iron can be 

unequivocally attributed to the MOF inorganic building units. The EDS spectrum of MIL-

53(Fe) before activation does not reveal elemental traces of nitrogen, from DMF, 

probably due to its relatively low content in comparison with the overall composition of 

the material, making nitrogen below the EDS detection limit (0.1 wt%). 
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Figure 3.20. SEM micrographs of MIL-53(Fe) (a) before activation (2,000x) and (b) after activation (2,500x). 

 

 
Figure 3.21. EDS spectra of MIL-53(Fe) (a) before activation, and (b) after activation. 

 

3.5. ZIF-67(Co) 

3.5.1. PXRD 

The crystallographic structure of the as-synthetized ZIF-67(Co) was characterized by 

PXRD. As shown in Figure 3.22, the obtained PXRD pattern was compared with the 

simulated pattern from the single crystal structure of ZIF-67(Co). The intensity and 

position of all experimental diffraction peaks are in good agreement with the predicted 

pattern indexed to a sodalite topology with a cubic lattice in a space group 𝐼4̅3𝑚, which 

is characteristic of ZIF-67(Co) crystals. These outcomes suggest that the synthesis of 

ZIF-67(Co) was successful and resulted in pure-phase and highly crystalline products.135 

195-196 
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Figure 3.22. PXRD pattern of ZIF-67(Co) (a) simulated and (b) as-synthesized. 

 

3.5.2. FT-IR 

The molecular structure of ZIF-67(Co) was confirmed by FT-IR spectroscopy. The 

infrared spectrum is displayed in Figure 3.23 and it is consistent with previously reported 

spectra of ZIF-67(Co). 195, 197-198  

The absorption peak at 1579 cm-1 is assigned to the stretching vibrational mode of 

C=N bonding in the imidazole ring of the 2-methylimidazolate linker. The intense 

absorption peaks in the 1380–1500 cm-1 range are associated to the entire imidazole 

ring stretching vibrational mode. The set of intense vibrational bands in the spectral 

region between 1300 cm-1 and 990 cm-1 are attributed to the in-plane bending of the 

imidazole ring, while those at ca. 756 cm-1 and 694 cm-1 are from the out-of-plane 

bending of the ring. These observations confirm the presence of the 2-methylimidazolate 

linker in the framework of ZIF-67(Co). Additionally, the absorption peak at 424 cm-1 can 

be ascribed to the Co–N bond, proving that the metal cations are coordinated to the 

nitrogen from the organic linkers.195, 197-198 

The absence of characteristic vibrational bands around 1850-1800 cm-1 assigned to 

the resonance between the N–H∙∙∙N out-of-plane bending vibration and the N–H 

stretching vibration, suggest that all of the 2-methylimidazolate linkers are completely 

deprotonated, this is, they are coordinated to the cobalt ions, indicating that the 
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purification process used to remove free organic linkers inside the pores was efficient.195, 

199  

 

 

Figure 3.23. FT-IR spectrum of the as-synthesized ZIF-67(Co). 

 

3.5.3. TGA 

The thermal behaviour of the as-synthetized ZIF-67(Co) was examined by TGA and 

the obtained TG and DTG curves are shown in Figure 3.24. The TG curve revealed two 

mass loss stages with the increase of temperature in the 25 ºC to 800 ºC range. There 

were almost no mass changes below 500 ºC, indicating that the structure of ZIF-67(Co) 

is very stable in this temperature range, which is consistent with previous reports in the 

literature.200-201 Additionally, this observation suggests that the purification and drying 

procedures used to remove guest molecules located inside the pores of the framework 

were successful.202 Above 500 ºC, it can be seen that ZIF-67(Co) structure underwent 

through an abrupt mass loss (~40%), which could be due to the decomposition of 2-

methylimidazolate linkers and subsequent collapse of the framework of ZIF-67(Co). 

Previously reported studies, suggest that pure 2-methylimidazole compounds are only 

stable up to 270 ºC, which is much lower than the decomposition temperature observed, 

further confirming that the 2-methylimidazolate anionic linkers are coordinated to the 

cobalt cations, thus leading to an increase in their overall stability.203 
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As the temperature continues to rise up to 800 ºC, a less noticeable mass loss 

occurred (~30%), which could be attributed to the further degradation of the remaining 

organic structure and the aggregation of cobalt to form metallic and/or metal-oxide 

nanoparticles.204  

 

 

Figure 3.24. TG and DTG curves of ZIF-67(Co). 

 

3.5.4. SEM/EDS 

The morphology and particle size of ZIF-67(Co) were investigated by SEM. The SEM 

micrographs, shown in Figure 3.25, revealed large particles at a micrometric scale with 

a well-defined truncated rhombic dodecahedral shape, which is characteristic of ZIF-

67(Co) materials produced under the same synthetic conditions and it is also in 

agreement with the results from PXRD.142 From the SEM micrographs we gathered that 

the particle size distribution in the sample is polydisperse, with an average particle size 

of 19.1 ± 6.0 µm.  

The elemental composition of ZIF-67(Co) was evaluated by EDS analysis. The 

obtained EDS spectrum, shown in Figure 3.26, revealed the existence of cobalt and 

nitrogen arising from the metal centres and the 2-methylimidazolate linkers, respectively, 

confirming the elemental composition of the sample.  
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Figure 3.25. SEM micrographs of ZIF-67(Co) at different magnifications (a) 1,000 x, (b) 15,000 x. 

 

 

Figure 3.26. EDS spectrum of ZIF-67(Co). 
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4. Magnetic materials characterization 

 

4.1. Magnetic nanoparticles (MNPs) 

4.1.1. PXRD 

The as-synthetized iron oxide particles were characterized by PXRD in order to 

obtain information about their crystalline structure and hence evaluate the effectiveness 

of the synthetic procedure. As displayed in Figure 4.1, the experimental diffraction 

pattern is in agreement with the simulated pattern, presenting characteristic peaks at 2θ 

values of 30.3º, 35.5º, 43.3º, 57.1º and 62.7º, which correspond to the (220), (311), (200), 

(511) and (440) crystallographic planes of iron oxides with a cubic spinel structure 

(Fe3O4) indexed to the space group 𝐹𝑑3̅𝑚.205 These results confirm that the Fe3O4 

nanoparticles were successfully synthetized via co-precipitation method. The broadening 

of the experimental diffraction peaks may be due to the small sizes of the crystalline 

nanoparticles.206  

 

 

Figure 4.1. PXRD pattern of Fe3O4 nanoparticles (a) simulated and (b) as-synthesized. 
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4.1.2. FT-IR 

The molecular structure of the Fe3O4 nanoparticles was evaluated by FT-IR and the 

obtained spectrum is presented in Figure 4.2. The strong vibrational bands at 580 cm-1 

and 426 cm-1 are related to the characteristic Fe–O stretching vibrational modes of the 

tetrahedral and octahedral sites in the Fe3O4 structure, respectively.140 The broad 

vibrational band centred at 3435 cm-1 and the less intense band at 1628 cm-1 can be 

attributed to the stretching and in-plane bending vibrational modes of the O–H bond 

respectively. This could be from water molecules adsorbed at the surface of the 

nanoparticles or surface hydroxyl groups.143, 205 

 

 

Figure 4.2. FT-IR spectrum of the as-synthesized Fe3O4 nanoparticles. 

 

4.1.3. SEM/EDS 

Figure 4.3 displays the SEM micrographs of the Fe3O4 nanoparticles at different 

magnifications, revealing information about their morphology and particle size. The 

micrographs show agglomerated nanoparticles with nearly spherical appearance and an 

average diameter of 19 ± 4 nm.140, 143 However, the micrographs were acquired at 

magnifications close to the limit of resolution of the microscope, making it difficult to 

discern between adjacent particles as separate entities.  

40080012001600200024002800320036004000

n (O-H)

d(O-H)

n (Fe-O)

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavenumber (cm-1)



FCUP 
Design of porous materials for environmental remediation 

69 

 

The chemical composition of the nanomaterial was investigated by EDS analysis. 

The corresponding EDS spectrum, shown in Figure 4.4, confirmed that the nanoparticles 

are composed of iron and oxygen. However, the ratio between these two elements 

cannot be accurately determined, due to potential external influences regarding the 

relative abundance of oxygen. The obtained Si peak is from the silicon wafer used as a 

support for the deposition of an ethanolic suspension of the Fe3O4 nanoparticles. 

 
Figure 4.3. SEM micrographs of Fe3O4 nanoparticles (a) 200,000x and (b) 300,000x. 

 

 
Figure 4.4. EDS spectrum of Fe3O4 nanoparticles. 

 

4.1.4. Dynamic Light Scattering and Electrophoretic Light Scattering 

(DLS/ELS) 

A dispersion of Fe3O4 nanoparticles was prepared in ultrapure water under 

sonication, in order to determine the average particle sizes and the zeta potential (ζ) 
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through DLS and ELS, respectively. The distribution of the hydrodynamic diameter (Dh) 

of the particles is represented by number in figure 4.5. The obtained results show a log-

normal monomodal distribution with an average Dh of 134 ± 14 nm and polydispersity 

index (PDI) of 0.3 ± 0.1. The Dh of a particle corresponds to the size of a theoretical 

sphere, including the dispersed particle and additional layers of adsorbed ions at the 

particle surface. Thus, the diameter measured by DLS is usually higher than the actual 

diameter of the particle.143, 207 

The surface charge of the nanoparticles determined with ELS shows that they have 

a ζ-potential of -10 ± 2 mV at neutral pH (pH = 7.08). Usually, dispersions with colloidal 

stability have ζ-potential values above + 30 mV or below -30 mV, hence the ζ-potential 

of the prepared dispersion is in the region of colloidal instability. This suggests that the 

dispersed nanoparticles tend to form larger agglomerates, which could further explain 

why the average size measured by DLS is much higher than the one obtained by SEM. 

Table 4.1 summarizes the average size of the Fe3O4 nanoparticles determined by SEM 

and DLS as well as the ζ-potential average value. 

 

 
Figure 4.5. Distribution of the hydrodynamic diameter of Fe3O4 nanoparticles in solution at 25 ºC. 

 

 

 

Table 4.1. Average particle size determined by SEM and DLS, and ζ-potential value at pH = 7.08. 
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4.2. MIL-53(Fe)-based magnetic composite 

4.2.1. PXRD 

The synthesis of the magnetic composite of MIL-53(Fe) resulted in two products with 

distinct colours, so to distinguish them, they were denominated as MIL-53Y (yellow) and 

MIL-53R (red) and characterized in separate. Their crystalline structures were analysed 

by PXRD and the resulting patterns were compared with the experimental data obtained 

for pristine MIL-53(Fe) and Fe3O4 nanoparticles, as illustrated in Figure 4.6.  

An examination of the XRD patterns of the two composite materials in the 2θ range 

of 5-27º revealed that all diffraction peaks assigned to the characteristic Bragg reflections 

of the starting MOF were preserved. This indicates that the introduction of MNPs into the 

reactional mixture did not had a significative influence in the formation of the MIL-53(Fe) 

crystalline phases.140  

At higher 2θ angles (> 30º), additional diffraction peaks are observed related to the 

main reflections of the Fe3O4 nanoparticles in the pattern of MIL-53R, while in the MIL-

53Y pattern no diffraction peaks were detected. This suggests that, during MIL-53Y 

synthesis, the MOF framework was successfully formed around the MNPs resulting in 

their encapsulation into the framework structure, while in MIL-53R products, the MNPs 

were preferentially attached to the surface of the MOF rather than inside the porous 

structure.208  

 

Figure 4.6. PXRD pattern of (a) pristine MIL-53(Fe), (b) MIL-53Y, (c) MIL-53R and (d) Fe3O4 nanoparticles. 
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4.2.2. FT-IR 

The molecular structure of both magnetic composites was characterized by FT-IR 

and the obtained spectra were compared with the infrared spectrum of the starting MOF, 

as demonstrated in Figure 4.7. Both materials present typical vibrational bands of the 

parent MOF, although some differences were detected in the absorption bands regarding 

their position, shape and intensity, that can provide some insight about the molecular 

interactions between the framework and the MNPs. The two intense absorption peaks at 

1537 cm-1 and 1394 cm-1 can be assigned to the asymmetric and symmetric stretching 

of the O–C–O bond of the coordinated carboxylate groups in the MIL-53R and pristine 

MIL-53(Fe) spectra. In the MIL-53Y spectrum, the absorption peak corresponding to the 

asymmetric stretching vibrational mode of the carboxyl groups is shifted towards higher 

energies (1550 cm-1). This could be due to the influence of hydrogen bonding interactions 

between the carboxylic groups of the framework and the hydroxyl groups at the surface 

of the MNPs. The absorption peak at 748 cm.1 observed in both composite spectra can 

be assigned to =C-H bending vibrational mode of the benzene rings from the organic 

linkers, and their relative intensities are weaker than in the spectrum of the starting 

MOF.140, 193 

The vibrational band attributed to the Fe–O stretching vibrational mode of the metal-

oxo clusters in the spectrum of MIL-53R seems to be broader and shifted by 27 cm-1 to 

higher wavenumber. This may have been caused by the overlap with the characteristic 

vibrational band assigned to the stretching vibrations of the Fe–O bond of the MNPs, 

that usually appear around 580 cm-1.140 Therefore, the results of XRD combined with the 

information gathered from the obtained infrared spectra confirm the co-existence of 

Fe3O4 and MIL-53(Fe) components in the magnetic composites.  

The MIL-53R spectrum also presents an additional intense vibrational band at 1693 

cm-1 that can be attributed to the stretching vibrational mode of the carbonyl group, from 

protonated terephthalic acid molecules. This suggests the existence of free organic 

linkers that were not removed by the purification process.185 
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Figure 4.7. FT-IR spectrum of (a) pristine MIL-53(Fe), (b) MIL-53R and (c) MIL-53Y. 

 

4.2.3. TGA 

The thermal stability of the magnetic composites MIL-53Y and MIL-53R was also 

investigated and the resulting TG curves are represented in Figure 4.8 and 4.9, 

respectively. Both thermogravimetric profiles are very similar to the one of the parent 

MOF shown in Figure 3.19, revealing that both composites are thermally stable up to 

250 ºC, as the pristine MIL-53(Fe). However, for MIL-53R a total mass loss of ~18% was 

only observed, while MIL-53Y revealed a total mass loss of ~62%. Previously reported 

studies have proven that the Fe3O4 nanoparticles are thermally stable up to 800 ºC. Thus, 

the amount of mass losses observed in both composite materials are probably only due 

to the MOF component and the release of guest molecules, suggesting that MIL-53R 

sample presented less content of MOF than the MIL-53Y composite. 209 

Through a further analysis of the TG curves of both composites, minor mass losses 

were observed below 250 ºC, which could correspond to the release of water and DMF 

guest molecules physiosorbed at the materials surface. As the temperature increased 

up to 500 ºC, it led to mass losses of ~41% in MIL-53Y and ~14% in MIL-53R, which 

could be attributed to the decomposition of the coordinated terephthalate linkers and 

subsequent collapse of the framework structure. Above 500 ºC, further mass losses were 
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detected, which could be due to the decomposition of the remaining organic content and 

formation of iron oxides from the inorganic building units.193-194  

 

 

Figure 4.8. TG and DTG curves of MIL-53Y. 

 

Figure 4.9. TG and DTG curves of MIL-53R. 
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4.2.4. SEM/EDS 

The SEM characterization of both magnetic composites provided valuable 

information regarding the differences between their morphology, particle size and 

distribution of the MNPs over the sample.  

The SEM micrographs of the MIL-53R composite displayed in Figure 4.10 revealed 

a wide diversity of particles with different sizes and shapes. Some particles presented 

the typical morphology of the parent MOF demonstrated in section 3.4.4., with an 

average length of 15.0 ± 9.0 µm and width of 7.1 ± 5.0 µm. The average size of the 

composite particles is lower than the previously reported values for the pristine MOF 

(43.8 ± 18.0 µm in length and 17.6 ± 6.0 µm in width), which could be an indicator that 

the MNPs presence affected the extent of the self-assembly process of the framework, 

leading to a decrease of the particles size in comparison with the starting MOF. The other 

portion of the sample is constituted by smaller particles with nearly spherical shape, at a 

nanometric scale, widely distributed throughout the sample. These nanoparticles were 

either attached to the surface of the MOF particles or agglomerated into clusters with 

different sizes and shapes.  

In contrast with what was observed for MIL-53R, the SEM micrographs of MIL-53Y 

(Figure 4.12) revealed a uniform distribution of rod-like shaped particles and almost none 

MNPs attached to the microrods surface, suggesting that the encapsulation of the 

nanoparticles was favoured. The morphology of the magnetic composite MIL-53Y was 

very similar to the one observed for the pristine MIL-53(Fe). The average particle size 

was 21.7 ± 4.0 µm in length and 3.9 ± 1.0 µm in width, which is also lower than the 

dimensions observed for the parent MOF.  

The results gathered though the micrographs seem to be in agreement with the ones 

obtained through XRD and TGA, confirming that the MNPs are in fact spread over the 

surface of the MOF in MIL-53R composite rather than inside the porous framework as in 

MIL-53Y. It was also revealed that the MOF/MNPs ratio appear to be lower in the MIL-

53R sample than in MIL-53Y, which further explains the considerable difference between 

the total percentage of mass loss observed in both composites.  

The chemical composition of each composite was assessed by EDS and the 

corresponding spectra of MIL-53R and MIL-53Y are represented in figure 4.11 and 4.13, 

respectively. The EDS analysis revealed that both composites had similar elemental 

compositions, being mainly composed by iron, carbon, and oxygen, as expected. 

However, given that the micrographs of MIL-53R uncovered the existence of two different 

components, an EDS analysis was performed for each region. The resulting spectra 

showed that both components were composed by iron, but the spectrum corresponding 
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to the region where the nanostructures were more abundant revealed that that area had 

a higher relative abundance of iron than the region related to the elongated structures.  

 
Figure 4.10. SEM micrographs of MIL-53R at different magnifications (a) 2,000x and (b) 5,000x. 

 

 

Figure 4.11. EDS spectra of two different regions in MIL-53R composite (a) microrods and (b) nanospheres. 

 

 
Figure 4.12. SEM micrographs of MIL-53Y at different magnifications (a) 2,000x and (b) 20,000x. 
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Figure 4.13. EDS spectrum of MIL-53Y composite. 

 

4.3. ZIF-derived porous carbon 

4.3.1. PXRD 

The pyrolysis of ZIF-67(Co), at 600 ºC under inert atmosphere, resulted in a cobalt/N-

doped porous carbon composite and was denominated as ZIF-DPC. The 

crystallographic structure of the material was characterized by PXRD and the resulting 

experimental pattern was compared with the simulated patterns of pure graphite and 

cobalt crystals, as shown in Figure 4.14.  

The broad peak at 2θ = 26.5º is attributed to the typical (002) interlayer plane 

reflection of graphitic carbon, confirming the formation of a carbon matrix with a graphitic 

structure from the organic content of ZIF-67(Co) upon heating to 600 ºC. The intense 

diffraction peak at 2θ of 44.5º and the less intense diffraction peaks at 51.9º and 76.5º 

correspond to the (111), (101) and (211) crystallographic reflections, respectively. These 

reflections are characteristic of cobalt face centred cubic (fcc) structures, indicating the 

presence of metallic cobalt crystals in the composite material. The gathered results 

confirmed that the pyrolysis of ZIF-67(Co) led to the successful formation of a composite 

material composed by graphitic carbon matrix and crystalline metallic cobalt particles.144, 

210  



78 FCUP 
Design of porous materials for environmental remediation 

 

 
Figure 4.14. PXRD patterns of (a) simulated graphitic carbon structure, (b) simulated pure cobalt crystals 

and (c) ZIF-DPC. 

 

4.3.2. FT-IR 

The prepared ZIF-DPC was characterized by FT-IR in order to investigate its 

molecular structure and compare the resulting infrared spectrum with the one from the 

precursor ZIF-67(Co) (Figure 4.15). All the vibrational bands that belong to the fingerprint 

region assigned to the molecular structure of ZIF-67(Co) disappeared after the thermal 

treatment, indicating that the carbonization of the functional groups present in the ZIF-

67(Co) structure was effective. The appearance of broad and weak vibrational bands 

was observed instead, as a result of  the small differences between the electronegativity 

of the chemical elements in the C–C and C–N bonds, that lead to weak dipole moments 

and consequently result in low absorptions of the infrared radiation. 211 

The sharp band at 1386 cm-1 can be assigned to the bending vibrational mode of the 

O–H bond from physiosorbed water molecules at the surface of the material.212 The 

broad vibrational bands at 1622 cm-1 and 1040 cm-1 can be ascribed to the stretching 

vibrational mode of the C=C and C–N bonds, respectively.213-214 This confirms that the 

pyrolysis of ZIF-67(Co) resulted in a N-doped carbon matrix. Moreover, the broad 

absorption peak at 600 cm-1 can be attributed to the stretching vibrational mode of the 

Co–O bonds. This could have resulted from a partial oxidization of the Co particles, 

owing to their mild reactive behaviour when exposed to oxygen.144  
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Figure 4.15. FTIR spectrum of (a) ZIF-DPC and (b) ZIF-67(Co). 

 

4.3.3. TGA 

The thermal behaviour of ZIF-DPC was assessed by TGA and the resulting TG and 

respective DTG curves are presented in Figure 4.16. As the temperature increases up 

to 800 ºC, a two-stepped total mass loss of ~22% can be observed. The first mass loss 

of ~8% occurred between 25 ºC and 120 ºC and could be assigned to the volatilization 

of water molecules adsorbed at the surface and inside of the material cavities. The 

second mass loss stage occurred from 400 ºC up to 800 ºC and could be attributed to 

the decomposition of residual amounts of 2-methylimidazolate linker from ZIF-67(Co) 

material that was not completely carbonized in the pyrolysis process along with the 

formation of metallic cobalt particles resulting in ~17 % of mass loss.  
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Figure 4.16. TG and DTG curves of ZIF-DPC. 

 

4.3.4. SEM/EDS 

The morphology and particle size of ZIF-DPC was characterized by SEM and the 

resulting micrographs are displayed in Figure 4.17. The obtained micrographs revealed 

that the ZIF-DPC particles partially maintained the rhombic dodecahedral morphology of 

the ZIF-67(Co) precursor. The average particle size was 4.9 ± 2.0 µm, which is 

considerably lower than the average size of ZIF-67(Co) particles (19.1 ± 6.0 µm). This 

could be due to the partial collapse of the particle framework structure during the 

pyrolysis process, thus leading to a decrease of the overall average size of the particles. 

The gathered results are in good agreement with previously reported works, confirming 

the successful preparation of the material.144, 210, 213 

The chemical composition of the sample was acquired through EDS analysis and the 

resulting spectrum is presented in Figure 4.18. The EDS analysis revealed the presence 

of cobalt and nitrogen, which are unequivocally attributed to the chemical composition of 

the sample, confirming the successful preparation of Co/N-doped carbon materials. The 

high relative abundance of the carbon could be a consequence of the presence of the 

graphite structures that were identified in the experimental PXRD patten. However, given 

that the sample was fixed in a double-sided carbon tape, the carbon relative abundance 

cannot be only assigned to the material composition. Moreover, the presence of oxygen 

100 200 300 400 500 600 700 800

70

75

80

85

90

95

100

8.9%

17.4%

Temperature (ºC)

M
a
s
s
 (

%
)

0

10

20

30

40

50

60

 D
T

G
 (

μ
g

/m
in

)



FCUP 
Design of porous materials for environmental remediation 

81 

 

in the sample, could be a result of partially oxidized Co particles, since they are described 

in the literature as moderately reactive species and tend to form cobalt monoxide when 

exposed to an oxidizing atmosphere.144  

 

 

Figure 4.17. SEM micrographs of ZIF-DPC at different magnifications (a) 5,000x and (b) 10,000x. 

 

 

Figure 4.18. EDS spectrum of ZIF-DPC. 
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5. Heavy metal adsorption studies 

 

5.1. Adsorbents characterization 

Besides knowing the chemical nature of the adsorbate, it is important to study the 

physicochemical properties of the adsorbents, such as their surface charges and specific 

surface areas, since it may have a major influence on their adsorption capacities towards 

different adsorbates. Moreover, the study of these properties is useful to gather further 

insight into the most plausible mechanisms through which the adsorption processes 

occur. Thus, before the adsorption studies per se, the specific surface area and surface 

charge of the materials were evaluated through N2 adsorption/desorption studies and by 

the determination of the pH at point of zero charge (pHZPC), respectively.  

From all synthetized and characterized materials, MIL-88B(Fe), MIL-53(Fe), MIL-

100(Fe), ZIF-67(Co) and ZIF-DPC were selected as adsorbents to pursue the adsorption 

studies. Their higher yielding syntheses over MIL-88A(Fe), MIL-53Y and MIL-53R, 

provided sufficient amount of sample to carry out all adsorption experiments.  

5.1.1. pH at point of zero charge (pHZPC) 

Whenever adsorption studies are performed, it is important to be aware of the 

solution pH and the corresponding surface charge of the adsorbent material, especially 

when the adsorbates in study are charged species, such as heavy metal ions.  

The pHZPC is described as the pH at which the surface charge density of a given 

material equals zero, i.e., when there are equivalent amounts of positive and negative 

charges at the surface of the material. Therefore, this parameter can give us valuable 

insights regarding the acidity/basicity and surface charge of the material upon varying 

the initial pH of the solution. If the solution pH is below the pHZPC value of a given material, 

its surface is positively charged, and if it is above, it is negatively charged. 

The pHZPC value of each adsorbent was determined through the experimental 

procedure previously mentioned in section 2.4.1. Then, the differences between the final 

and initial pH values were evaluated within an initial pH range of 2-10. Afterwards, the 

gathered data was plotted against the initial pH and then, the pHZPC values were 

calculated by interpolation, through a linear regression model adjusted to each curve.  

Figure 5.1 represents the ΔpH vs pHinitial curves of MIL-88B(Fe), MIL-100(Fe), MIL-

53(Fe), ZIF-67(Co) and ZIF-DPC and the corresponding pHZPC values are summarized 

in Table 5.1. There is an evident difference between the pHZPC values of the materials 

composed by carboxylate-based linkers, such as MIL-88B(Fe) (pHZPC = 2.9), MIL-
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100(Fe) (pHZPC = 4.5) and MIL-53(Fe) (pHZPC = 4.2), and the ones containing nitrogen-

based groups in their structure, such as ZIF-67(Co) (pHZPC = 9.1) and ZIF-DPC (pHZPC = 

7.6). This phenomenon could be due to the difference between the acid/base properties 

of the organic moieties present in the framework of these materials. Usually, the 

carboxylic acid groups are associated with low pKa values, meaning that the 

deprotonation of the hydroxyl groups occurs at pH values below 7. As a consequence, 

the pHZPC values of the carboxylate-based MOFs appear at low pH. On the other hand, 

the amine group of the 2-methylimidazole linker of ZIF-67(Co) is only deprotonated at 

pH values above 7, thus the pHZPC value associated to this material is shifted towards 

alkaline pH values. Moreover, the pyrolysis of ZIF-67(Co) led to a decrease of its pHZPC, 

from 9.1 to 7.6. 

Furthermore, the structure of ZIF-67(Co) revealed to be very susceptible to chemical 

degradation during the experimental work under acidic conditions, probably due to the 

hydrolysis of the Co–N bond, causing a total collapse of the crystal structure and 

subsequent dissolution of the respective precursors. This phenomenon has made it 

impossible to apply ZIF-67(Co) in the adsorption studies, due to the incompatibility 

between its chemical stability and the pH range at which the studies were performed. 

 

 

Figure 5.1. Graphical representation of the ΔpH vs pHinitial curves of MIL-88B(Fe), MIL-100(Fe), MIL-

53(Fe), ZIF-67(Co) and ZIF-DPC 
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 Table 5.1. pHZPC values and respective standard deviation of each material. 

Material pHZPC 

MIL-88B(Fe) 2.9 ± 0.1  

MIL-53(Fe) 4.2 ± 0.2 

MIL-100(Fe) 4.5 ± 0.2 

ZIF-DPC 7.6 ± 0.3 

ZIF-67(Co) 9.1 ± 0.3 

 

5.1.2. N2 adsorption/desorption isotherms 

N2 adsorption/desorption studies were conducted in order to evaluate the specific 

surface area and total pore volume of the adsorbents. The N2 adsorption/desorption 

isotherms of MIL-100(Fe) and ZIF-DPC are displayed in Figure 5.3 and 5.4, respectively, 

represented by the amount of N2 adsorbed, nads (mmol/g) vs. relative pressure (p/po). 

Table 5.2 summarizes the As,BET, Vp and Dp values determined by equations 11 ,12 and 

13. Since MIL-88B(Fe) and MIL-53(Fe) revealed low specific surface areas, the 

presented As,BET values were estimated from the gathered experimental data, and the 

small quantity of sample available did not allow to accurately determine the respective 

Vp and Dp values. Despite these results, we cannot state that MIL-88B(Fe) and MIL-

53(Fe) have poor porosity features. The framework structures of these materials are well 

known by their large breathing behaviour, revealing drastic variations in their cell 

volumes between dehydrated and hydrated forms without loss of crystallinity or bond 

breaking, thus keeping their underlying topology.  

Given that, before the N2 adsorption/desorption experiments, the samples went 

through extensive outgassing procedures (see section 2.5.5.), this could have led to 

structural transformations in both MIL-88B(Fe) and MIL-53(Fe) frameworks between 

open pore form (hydrated by physiosorbed water) and closed pore form (dehydrated) 

(Figure 5.2). According to previously reported studies, the dehydrated form of MIL-53(Fe) 

is characterized by very narrow pores without accessible porosity to most gases.101 

Moreover, MIL-88B(Fe) upon dehydration exhibits a large contraction behaviour that 

reduces by 135% its pore volume in comparison with its hydrated form, thus leading to 

low accessible porosity as well.215 
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Figure 5.2. Representation of open and closed forms of MIL-88B(Fe) and MIL-53(Fe). Adapted from132, 216. 

 

The N2 adsorption/desorption curves of MIL-100(Fe) and ZIF-DPC revealed type IV 

isotherms, typical of mesoporous materials, with H4 type hysteresis loops characteristic 

of an edge-shaped pores with a slight microporosity character.160 Both determined As,BET 

and Vp values of each material are in agreement with previously reported works.136, 144, 

168, 174, 217  

Moreover, the ZIF-DPC showed a considerably lower As,BET  value than the 

corresponding value reported for the ZIF-67(Co) precursor, namely specific surface 

areas above 1000 m2/g and total pore volumes at ca. 0.80 cm3/g.144, 196 As expected, the 

carbonization procedure leads to a reduction of both specific surface area and total pore 

volume, 255 m2/g and 0.14 cm3/g, respectively.144 Nevertheless, ZIF-DPC is still a 

material with promising textural properties, namely high porosity and surface area. 

 

Table 5.2. Summary of the As,BET , Vp and Dp values of each adsorbent. 

Material As,BET (m2/g) Vp at p/po = 0.95 (cm3/g) Dp (nm) 

MIL-100(Fe) 1674 0.77 1.8 

ZIF-DPC 255 0.14 2.2 

MIL-88B(Fe) 40 - - 

MIL-53(Fe) 12 - - 
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Figure 5.3. N2 adsorption/desorption isotherm at -196 ºC of MIL-100(Fe). Filled and unfilled symbols 

represent the adsorption and desorption process, respectively. 

 

 

Figure 5.4. N2 adsorption/desorption isotherm at -196 ºC of ZIF-DPC. Filled and unfilled symbols represent 

the adsorption and desorption process, respectively. 
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5.2. Adsorption studies  

5.2.1. Effect of adsorbent dosage 

The adsorbent dosage is an important parameter that affects the adsorption 

efficiency of a given material. It is necessary to evaluate the most favourable adsorbent 

dosage, so that the adsorbent-adsorbate interactions can be maximized, thus avoiding 

overconsumption of the adsorbent. Usually, the increase of the adsorbent dosage results 

in higher removal efficiencies, due to the increasing number of available active sites. 

However, above a certain threshold, the number of accessible adsorption sites exceeds 

by far the adsorbate amount and the removal efficiency remains constant.218  

In order to individually study the effect of the adsorbent dosage on the Cu2+ ions 

removal efficiency, other experimental factors, such as solution pH, time of contact and 

initial concentration of copper ions, were fixed. The removal efficiencies obtained for 

each material are shown in Figure 5.5 and summarized in Table 5.3.  

At first glance, the variation of the adsorbent dosage seems to have a significant 

influence on the removal efficiencies obtained for MIL-88B(Fe), MIL-100(Fe) and ZIF-

DPC, while for MIL-53(Fe) the increase of the adsorbent dosage did not result in 

considerable changes. As the adsorbent dosage was raised, both MIL-100(Fe) and ZIF-

DPC revealed a gradual increase on their adsorption performance, achieving similar 

maximum Cu2+ ion uptake for 1.00 g/L of adsorbent. On the other hand, MIL-88B(Fe) 

presented low removal efficiencies for both 0.25 g/L and 0.50 g/L adsorbent dosages, 

although for 1.00 g/L, a very significant increase of removal efficiency could be observed, 

even surpassing the previous materials 

Moreover, MIL-53(Fe) revealed low removal efficiencies and almost no variation 

along the adsorbent dosages tested. This outcome could probably mean that the number 

of available adsorption sites in MIL-53(Fe) is much lower than the amount of copper ions 

in solution, thus resulting in a readily saturation of the active sites by only a small amount 

of copper ions, while the majority remained in solution.  

From the gathered results, we concluded that the adsorbent dosage of 1.00 g/L was 

the one that reflected the most promising adsorption efficiencies for all materials, and 

was, therefore selected to be used in further adsorption experiments. 
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Figure 5.5. Effect of the adsorbent dosage on the removal efficiency of Cu2+ for different adsorbents, using 

10.0 mg/L of initial concentration of Cu2+ at pH 5.50 (average values, n = 2). 

 

Table 5.3. Summary of the removal efficiencies of Cu2+ ions obtained for each material at different 

adsorbent dosages (average value ± standard deviation, n = 2). 

Adsorbent Dosage 
(g/L)  

Removal of Cu2+ (%) 

MIL-88B(Fe) MIL-100(Fe) ZIF-DPC MIL-53(Fe) 

0.25 9 ± 3 32 ± 2 21 ± 2 10 ± 4 

0.50 15 ± 4 50 ± 6 45 ± 2 14 ± 3 

1.00 84 ± 2 76 ± 1 76 ± 2 15 ± 3 

 

5.2.2. Effect of pH 

The solution pH is one of the main factors affecting the adsorption of heavy metal 

ions. It not only influences the chemical speciation of the metal ions, but also the surface 

charge of the adsorbent, given it has acidic or basic moieties, as previously discussed in 

section 5.1.1.  
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Usually, metal ions are completely soluble under strong acidic conditions, however, 

as the pH increases, they tend to react with the OH- ions in solution and precipitate as 

metal hydroxides, thus impairing the adsorption process. In order to avoid the formation 

of these chemical species, the pH range must be judiciously selected taking into account 

their solubility product constants. For instance, copper is present in the Cu2+ form as the 

dominant species at pH values below 6, while above this threshold the formation of 

Cu(OH)2 occurs.48 Keeping this phenomenon in mind, the study of the influence of pH in 

the adsorption process was performed under acidic conditions, from 3.50 up to 5.50 to 

avoid significant interferences of the metal hydroxide precipitation. Moreover, other 

parameters that could also affect the adsorption process, such as contact time, initial 

concentration of copper ions and adsorbent dosage, were maintained constant 

throughout the experiments. 

The removal efficiencies obtained for each material are displayed in Figure 5.6 and 

summarized in Table 5.4. One can state that for all adsorbents, the increase of pH 

favoured the uptake of copper ions from the solution. This result could be mainly due to 

the fact that, under strong acidic conditions, there is a significant concentration of protons 

(H+) in solution, which can compete with the copper cations for the active sites of the 

adsorbents.59 Thus, given that, with the increase of pH, the concentration of H+ 

decreases, an overall increase in the uptake of the metal cations is attained. Besides 

this, based on the obtained pHZPC values, at pH 3.50, all the materials present positively 

charged surfaces, except MIL-88B(Fe). As a consequence of the surface of MIL-88B(Fe) 

being negatively charged at this pH, its removal efficiency is lower than in the other 

materials, which could suggest that it is establishing strong electrostatic interactions with 

H+ rather than with the copper ions, further confirming the previous statement. 

As the pH increases to 4.50, the surface charges of MIL-100(Fe) and MIL-53(Fe) turn 

negative and their removal efficiencies increase in comparison to the ones observed at 

pH 3.50, but there is still a considerable influence of the free H+ ions competing with the 

Cu2+ ions for the active sites. When the pH of the solution reaches 5.50, there was a 

drastic increase on removal efficiencies obtained for MIL-100(Fe) and MIL-88B(Fe), 

suggesting that the influence of the H+ ions decreased considerably, and thus allowing 

a greater copper uptake. This could have resulted due to stronger electrostatic 

interactions between the Cu2+ and the negatively charged surfaces of MIL-88B(Fe) and 

MIL-100(Fe). On the other hand, the removal efficiencies associated to MIL-53(Fe) 

remained low, further suggesting the lack of available adsorption sites for copper 

adsorption. 

Interestingly, even though ZIF-DPC presented a positively charged surface 

throughout the studied pH range, it revealed removal efficiencies close to those observed 
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for the other materials, which had negatively charged surfaces. This may suggest that 

the main mechanism by which the copper uptake occurs may not rely on electrostatic 

interactions. 

The gathered results indicate that the copper ions uptake was enhanced at a solution 

pH of 5.50, making it the selected pH for the further adsorption experiments. 

 
Figure 5.6. Effect of the solution pH on the removal efficiency of Cu2+ ions for different pH values, using 

10.0 mg/L of initial concentration of Cu2+ and 1.00 g/L of adsorbent (average values, n = 2). 

 

Table 5.4. Summary of the removal efficiencies of Cu2+ ions obtained for each material at different pH 

values (average value ± standard deviation, n = 2). 

pH  

Removal of Cu2+ (%) 

MIL-88B(Fe) MIL-100(Fe) ZIF-DPC MIL-53(Fe) 

3.50 2 ± 2 13 ± 3 30 ± 3 4 ± 1 

4.50 16 ± 2 36 ± 1 38 ± 5 7 ± 1 

5.50 84 ± 2 76 ± 2 76 ± 2 14 ± 3 
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5.2.3. Adsorption kinetics 

The kinetics of an adsorption process assumes an important role in the selection and 

design of the best operation conditions for a given adsorbent/adsorbate system. 

Adsorption is a multistep mass transfer process that can be roughly divided into 3 stages. 

The first step is known as external diffusion, which consists in the transference of the 

adsorbate from the bulk solution to the external surface of the adsorbent. The difference 

between the adsorbate concentration in the two phases is the main driving force for this 

step to occur. The second step is the internal diffusion, which describes the entrance of 

the adsorbate into the pores of the adsorbent and, finally, the third step concerns the 

adsorption of the adsorbate in the active sites of the adsorbent.44, 219 

Since the rate at which the overall adsorption process occurs is defined by the 

slowest step, kinetic studies can provide valuable insights not only about the contact time 

required to the process to reach equilibrium, but also regarding the rate-limiting steps of 

the process. For that reason, mathematical models have been developed to describe the 

kinetics of the adsorption processes.115, 219  

In this study, we applied two mathematical models to fit the experimental data, the 

PFO and PSO models, which were previously discussed in section 2.4.4. In general, 

PFO model fits better adsorption kinetics in which the rate-limiting step is related to the 

availability of active adsorption sites in the adsorbent for physical interactions. On the 

other hand, PSO model presents better fittings for adsorption kinetics in which the 

adsorption rate is dependent of the presence of energetically heterogeneous sites on the 

adsorbent, usually associated to a chemisorption process. Nevertheless, one cannot 

accurately deduce the mechanisms by which the adsorption occurs only through kinetic 

modelling.48, 115, 219-220  

The best-fitted model was chosen based on the values of the determination 

coefficient (R2) and the standard error of the regression (SE). Moreover, when the 

difference between these values was not evident, an F-test was conducted, according to 

the equations 15 and 16, to analyse if there were any statistically relevant differences 

between the two models or not. 

𝐹 =
𝑠𝐴

2

𝑠𝐵
2  𝑜𝑟 

𝑠𝐵
2

𝑠𝐴
2  ≥ 1    (15) 

where 𝑠𝐴
2 and 𝑠𝐵

2  are the variances of the model A and B, respectively. Each one was 

calculated by the following expression: 

𝑠2 =
∑ (𝑞𝑒𝑥𝑝−𝑞𝑐𝑎𝑙)2𝑁

𝑖=1

𝑁−𝑤
    (16) 
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where 𝑞𝑒𝑥𝑝 is the experimental value of 𝑞, 𝑞𝑐𝑎𝑙 is the predicted value according to 

each model, 𝑁 is the number of points and 𝑤 is the number of estimated parameters in 

the model. 

Moreover, besides the influence of the contact time and adsorbate-adsorbent 

interactions, adsorption kinetics can also be affected by other parameters, such as 

solution pH, initial concentration of the adsorbate and adsorbent dose.61 Therefore, they 

were maintained constant throughout the experimental procedures, as pH 5.50, 10.0 

mg/L of initial concentration of copper ions and 1.00 g/L of adsorbent dose, while the 

contact time was changed. The studies regarding adsorption kinetics were performed for 

MIL-88B(Fe), MIL-100(Fe) and ZIF-DPC and will be discussed below.  

5.2.3.1. MIL-88B(Fe) 

Figure 5.7 displays the experimental data obtained for the adsorption kinetics of MIL-

88B(Fe) together with the respective curves of the PFO and PSO fitting models.  

It can be seen that the adsorption rate quickly increased within 60 min of contact 

time, owing to the large number of available adsorption sites at the initial stage of the 

adsorption process. Thereafter, the availability of adsorption sites decreases, leading to 

a decrease of the adsorption rate and a plateau is observed, indicating that the 

equilibrium was reached. The amount of copper ions adsorbed at equilibrium, 𝑞𝑒,𝑒𝑥𝑝, was 

calculated as the arithmetic mean of all experimental points in the plateau, resulting in 

8.4 ± 0.2 mg/g, which correspond to an average removal efficiency of 88 ± 2%.  

Table 5.5 presents the estimated parameters determined from both modelled curves, 

and the corresponding R2 and SE values. Based on these values, the PFO model seems 

to better fit the experimental data than the PSO model, due to its higher value of R2 and 

lower value of SE. 

Regardless, the variances provided by the two model regressions were statistically 

compared through F-test at a 95% confidence level which indicated that there were no 

significant statistical differences between them. This suggests that both models can 

describe the adsorption kinetics of Cu2+. The 𝑞𝑒,𝑐𝑎𝑙  values predicted by PFO (8.44 ± 0.03 

mg/g) and PSO (8.9 ± 0.1 mg/g) were relatively close to the experimental value. These 

results suggest that both chemical and physical interactions between MIL-88B(Fe) and 

Cu2+ ions might be involved in the adsorption process as rate-controlling steps.221  
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Figure 5.7. Effect of contact time on the adsorption of Cu2+ by MIL-88B(Fe) and the corresponding PFO 

and PSO modelling (average values, n = 2). 

 

Table 5.5. Kinetic parameters of PFO and PSO modelling for the adsorption of Cu2+ by MIL-88B(Fe) 

(average value ± standard deviation, n = 2). 

 

 

5.2.3.2. MIL-100(Fe) 

The experimental data obtained for the adsorption kinetics of MIL-100(Fe) and the 

respective modelled curves of PFO and PSO are presented in Figure 5.8.  

The kinetic curve of MIL-100(Fe) showed a fast adsorption rate in the first 30 min of 

contact time, due to the large availability of active sites at the beginning of the adsorption 

process. Then, the adsorption rate gradually slowed down up to 180 min, owing to the 
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Pseudo-first order model 

𝒌𝟏 × 𝟏𝟎𝟐 (min-1) 𝒒𝒆,𝒄𝒂𝒍 (mg/g) R2 SE (mg/g) 

4.1 ± 0.3 8.44 ± 0.03 0.994 0.248 

Pseudo-second order model 

𝒌𝟐 × 𝟏𝟎𝟑 (g/(mg.min)) 𝒒𝒆,𝒄𝒂𝒍 (mg/g) R2 SE (mg/g) 

9 ± 1 8.9 ± 0.1 0.983 0.415 
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reduced number of accessible/available adsorption sites as the concentration of 

adsorbed Cu2+ increases. From this point onwards, a plateau is observed, implying that 

the adsorption equilibrium has been reached after 180 min of contact time. The 

experimental 𝑞𝑒 value was 8.1 ± 0.1 mg/g, which corresponds to an average removal 

efficiency of 83 ± 1%. 

Table 5.6 displays the predicted parameters obtained from both PFO and PSO 

modelling curves as well as the respective R2 and SE values. The R2 and SE values for 

the PFO were 0.995 and 0.214, while for PSO were 0.998 and 0.131, respectively. Since 

both models presented high R2 values and low SE values, it is not evident which model 

better fits the adsorption kinetic data. Therefore, in order to further analyse if there were 

any differences between the variances provided by the two model regressions, an F-test 

at a 95% confidence level was conducted. The F-test revealed no significant differences 

between them, indicating that both models can be used to describe the experimental 

data of the adsorption kinetics of Cu2+. The 𝑞𝑒,𝑐𝑎𝑙 values estimated by PFO (8.0 ± 0.1 

mg/g) and PSO (8.50 ± 0.04 mg/g) were in agreement with the experimental 𝑞𝑒 value.  

Similarly to MIL-88B(Fe), the obtained results for the adsorption kinetics of MIL-

100(Fe) suggest that the controlling steps of the adsorption rate of Cu2+ could be related 

with chemical and physical adsorbate-adsorbent interactions. 

 

 

Figure 5.8. Effect of contact time on the adsorption of Cu2+ by MIL-100(Fe) and the corresponding PFO 

and PSO modelling (average values, n = 2). 
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Table 5.6. Kinetic parameters of PFO and PSO modelling for the adsorption of Cu2+ by MIL-100(Fe) 

(average value ± standard deviation, n = 2). 

Pseudo-first order model 

𝒌𝟏 × 𝟏𝟎𝟐 (min-1) 𝒒𝒆,𝒄𝒂𝒍 (mg/g) R2 SE (mg/g) 

4.9 ± 0.8 8.0 ± 0.1 0.995 0.214 

Pseudo-second order model 

𝒌𝟐 × 𝟏𝟎𝟑 (g/(mg.min)) 𝒒𝒆,𝒄𝒂𝒍 (mg/g) R2 SE (mg/g) 

10 ± 2 8.50 ± 0.04 0.998 0.131 

 

5.2.3.3. ZIF-DPC 

The effect of contact time in the adsorption of Cu2+ ions by ZIF-DPC was evaluated. 

The obtained experimental data reveal the adsorption kinetic process whose results are 

shown in Figure 5.9, together with the respective curves of the PFO and PSO models. It 

can be observed that the adsorption process of Cu2+ by ZIF-DPC required considerably 

more time to reach the equilibrium compared to the other materials, which consequently 

lead to a slower adsorption rate. 

The adsorption kinetic curve showed a gradual increase of the amount of Cu2+ 

adsorbed up to 360 min of contact time, and after that, the adsorption equilibrium was 

reached. This behaviour may have resulted from electrostatic repulsive interactions 

between the copper cations and the positively charged surface of ZIF-DPC. Thus, the 

exchange of Cu2+ from the bulk solution to the adsorbent was slowed down, shifting the 

adsorption equilibrium towards longer contact times. The experimental 𝑞𝑒 value was 8.8 

± 0.1 mg/g, which correspond to an average removal efficiency of 93 ± 3%. Such values 

are surprisingly higher than the MIL-88B(Fe) and MIL-100(Fe), considering the obtained 

textural properties (As,BET ; Vp) and its positively charged surface. 

The parameters obtained through PFO and PSO modelling, along with the respective 

R2 and SE values are presented in Table 5.7. As it can be observed, high R2 and low SE 

values were obtained for the PFO and PSO models, suggesting that both models could 

be used to describe the adsorption kinetics. Hence, to confirm this statement, the F-test 

at a 95% confidence level was performed to evaluate any differences between the 

variances provided by both model fittings. From the gathered results of F-test we 

concluded that there were no significant differences between them, indicating that the 

fitting of both models cannot be differentiated statistically. Nonetheless, the 𝑞𝑒,𝑐𝑎𝑙 value 
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predicted by PFO modelling (8.7 ± 0.1 mg/g) was closer to the experimental 𝑞𝑒 value 

than the one estimated by the PSO modelling (10.8 ± 0.1 mg/g). 

 

 
Figure 5.9. Effect of contact time on the adsorption of Cu2+ by ZIF-DPC and the corresponding PFO and 

PSO modelling (average values, n = 2). 

 

Table 5.7. Kinetic parameters of PFO and PSO modelling for the adsorption of Cu2+ by ZIF-DPC (average 

value ± standard deviation, n = 2). 

Pseudo-first order model 

𝒌𝟏 × 𝟏𝟎𝟐 (min-1) 𝒒𝒆,𝒄𝒂𝒍 (mg/g) R2 SE (mg/g) 

1.0 ± 0.1 8.7 ± 0.1 0.990 0.373 

Pseudo-second order model 

𝒌𝟐 × 𝟏𝟎𝟑 (g/(mg.min)) 𝒒𝒆,𝒄𝒂𝒍 (mg/g) R2 SE (mg/g) 

0.9 ± 0.1 10.8 ± 0.1 0.992 0.348 

 

Table 5.8 summarizes the obtained values of 𝑞𝑒,𝑒𝑥𝑝 and the corresponding adsorption 

efficiencies at the end of the kinetic study for each adsorbent material. 
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Table 5.8. Summary of 𝑞𝑒,𝑒𝑥𝑝 and removal efficiency values of each adsorbent at an initial 

concentration of Cu2+ of 10.0 mg/L (average values ± standard deviation, n = 2). 

Material 𝒒𝒆,𝒆𝒙𝒑 (mg/g) Removal efficiency (%) 

MIL-88(Fe) 8.4 ± 0.2 88 ± 2 

MIL-100(Fe) 8.1 ± 0.1 83 ± 1 

ZIF-DPC 8.8 ± 0.1 93 ± 3 

 

5.2.4. Adsorption equilibrium 

The study of adsorption equilibrium is essential in the design of adsorption systems 

since it can provide useful information about the interactions between the adsorbent and 

the adsorbate. In general, the adsorption capacity on a given adsorbent increases rapidly 

with increasing concentration of initial adsorbate, owing to the high driving force of the 

mass transfer, resultant from the elevated concentration gradient. However, above a 

certain threshold, the adsorption capacity slowly reaches a plateau due to the saturation 

of the adsorption sites on the adsorbent. This phenomenon indicates that the adsorption 

equilibrium was attained and the amount of adsorbate being adsorbed onto the 

adsorbent is equal to the amount being desorbed, suggesting that the adsorbent 

achieved its maximum adsorption capacity towards a specific adsorbate.222-223 

The behaviour of an adsorption process in equilibrium can be described by several 

isotherm models, that can provide valuable information about the performance of the 

adsorbents. In this study, the experimental data was compared to the Langmuir and 

Freundlich isotherm models. The mathematical description and basic theoretical 

assumptions of each model were discussed in section 2.4.5. As in the kinetic studies, 

evaluation of the best-fitted model was attained by comparing the R2 and SE associated 

to each model. Additionally, when the difference between these values was not so 

notorious, an F-test was also performed to further analyse if there were any significant 

differences between the variances of both models. 

Furthermore, to minimize the influence of other factors besides the difference 

between the initial concentration of Cu2+ on the adsorption process, the solution pH, 

adsorbent dosage and contact time were maintained throughout the experiments, at 

5.50, 1.00 g/L and 6 h, respectively. The adsorption equilibrium studies were performed 

for MIL-88B(Fe), MIL-100(Fe) and ZIF-DPC. 
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5.2.4.1. MIL-88B(Fe) 

The equilibrium studies for MIL-88B(Fe) were performed by varying the initial 

concentrations of Cu2+ from 10.0 to 800 mg/L to ensure that the equilibrium was 

achieved. Figure 5.10 presents the obtained experimental data along with the Langmuir 

and Freundlich isotherm modelling curves. It can be seen that the adsorption capacity of 

MIL-88B(Fe) at equilibrium increased significantly with the increase of initial Cu2+ 

concentration until 300 mg/g, probably due to the strong affinity of MIL-88B(Fe) towards 

Cu2+ ions. Thereafter, a plateau is observed around 350 mg/g, indicating that the active 

sites were completely occupied.  

Moving on to the isotherm fitting models, it can be readily noted that the Langmuir 

model describes the experimental data considerably better that the Freundlich model. In 

Table 5.9 are shown the parameters obtained from each model along with the respective 

R2 and SE values. The Langmuir isotherm fitting presented considerably higher R2 and 

lower SE values than the Freundlich modelling, confirming that the first model is more 

suitable to describe the experimental results. The maximum adsorption capacity 

predicted by the Langmuir modelling was 353 ± 1 mg/g, which is in agreement with the 

experimental observations. Moreover, the 𝑅𝐿 values calculated for all initial Cu2+ 

concentrations tested, were between 0.0981 and 0.0027, indicating that the overall 

adsorption process was favourable. 

Based on the theoretical principles of the Langmuir model, these results suggest that 

the surface of the MOF presents well-defined and homogeneous active sites with equal 

adsorption affinities, further implying a monolayer-type adsorption of Cu2+. This 

behaviour is often reported in the literature regarding heavy metal ions adsorption studies 

with other MOFs, as a result of their crystalline structure with ordered porosity.224-226   

Interestingly, MIL-88B(Fe) revealed great adsorption capacity in spite of not having 

high apparent accessible specific surface area. We could hypothesize that the 

mechanism by which Cu2+ ions are adsorbed might be related to the swelling breathing 

behaviour characteristic of MIL-88B(Fe) framework. Given that, when exposed to polar 

solvents, such as water, tends to expand its pore volume, which could further allow a 

greater uptake of Cu2+, leading to higher maximum adsorption capacities.132  

 



100 FCUP 
Design of porous materials for environmental remediation 

 

 

Figure 5.10. Experimental and theoretical equilibrium isotherms of Cu2+ adsorption on MIL-88B(Fe) 

(average values, n = 2). 

 

 
Table 5.9. Langmuir and Freundlich isotherm parameters of Cu2+ adsorption on MIL-88B(Fe) (average 

value ± standard deviation, n = 2). 

Langmuir model 

𝒒𝒎𝒂𝒙 (mg/g) 𝑲𝑳 (L/mg) R2 SE (mg/g) 

353 ± 1 0.31 ± 0.02 0.991 31.0 

Freundlich model 

𝒏 𝑲𝑭 [((mg/g).(L/mg))1/n] R2 SE (mg/g) 

4.8 ± 0.5 109 ± 12 0.756 80.6 
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5.2.4.2. MIL-100(Fe) 

To study the adsorption maximum capacity of MIL-100(Fe), several solutions were 

prepared with initial concentrations of Cu2+ ranging from 10.0 to 200 mg/L. The obtained 

experimental data and corresponding Langmuir and Freundlich isotherm modelling 

curves are shown in Figure 5.11. The equilibrium adsorption capacity of MIL-100(Fe) 

went through a gradual increase as the initial concentration of Cu2+ increased until 

reaching a plateau at 34.3 mg/g, implying the saturation of the active sites.  

The parameters obtained from the Langmuir and Freundlich models along with the 

corresponding R2 and SE values are presented in Table 5.10. According to the R2 and 

SE values, both models seem to fit well the experimental data. Therefore, an F-test was 

conducted to evaluate any differences between the variances of both models. The F-

value calculated by the equation 15 was below the critical F-value for a confidence level 

of 95%, indicating that are no significant differences between the predictions of both 

models. Thus, the experimental equilibrium isotherm of MIL-100(Fe) can be described 

by both isotherm models.  

Despite the fact that these models are based upon different theoretical assumptions, 

it has been reported that when the experimental data present good fitting for both 

models, could indicate that there is more than one type of adsorption mechanism. Taking 

into consideration the structural and chemical features of MIL-100(Fe) with different pore 

size, we could hypothesize that the Cu2+ ions were firstly adsorbed onto the surface of 

the MOF creating a monolayer and only then, diffused into the pores in a unevenly 

manner.227-228  

According to the predicted parameters by the Langmuir modelling, the 𝑞𝑚𝑎𝑥 was 36 

± 5 mg/g and the calculated 𝑅𝐿 values were within 0.618 and 0.075 for all initial 

concentrations of Cu2+ tested, implying that the adsorption process was favourable. It is 

interesting to note that MIL-100(Fe) revealed an 𝑞𝑚𝑎𝑥  almost ten times lower than the 

one obtained for MIL-88B(Fe). The 𝑛 value predicted by the Freundlich model is above 

1, further confirming that the adsorption of Cu2+ was promoted.  
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Figure 5.11. Experimental and theoretical equilibrium isotherms of Cu2+ adsorption on MIL-100(Fe) 

(average values, n = 2). 

 

Table 5.10. Langmuir and Freundlich isotherm parameters of Cu2+ adsorption on MIL-100(Fe) (average 

value ± standard deviation, n = 2). 

Langmuir model 

𝒒𝒎𝒂𝒙 (mg/g) 𝑲𝑳 (L/mg) R2 SE (mg/g) 

36 ± 5 0.26 ± 0.03 0.983 2.17 

Freundlich model 

𝒏 𝑲𝑭 [((mg/g).(L/mg))1/n] R2 SE (mg/g) 

5 ± 2 12 ± 6 0.983 1.94 

 

5.2.4.3. ZIF-DPC 

In order to investigate the adsorption capacity of ZIF-DPC under equilibrium 

conditions, solutions with different concentrations of Cu2+, ranging from 5.00 to 200 mg/L 

were prepared. The experimental equilibrium isotherm and the respective Langmuir and 

Freundlich isotherm modelling curves are displayed in Figure 5.12. It can be observed 

that the adsorption capacity of ZIF-DPC increased swiftly as the initial concentration of 
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Cu2+ ions was raised until 15.5 mg/g, owing to the great availability of active sites. Then, 

the increase of adsorption capacity gradually slowed down, reaching a plateau at 19.7 

mg/g, indicating that the accessible active sites were all occupied, and the maximum 

capacity of the material was achieved.  

Focusing on the isotherm modelling results, in Table 5.11 it is summarized the 

obtained parameters concerning each model accompanied by the respective R2 and SE 

values. The Langmuir isotherm seems to have a better correlation with the experimental 

data than the Freundlich model, due to its higher R2 and lower SE values. However, due 

to the fact that both models presented reasonable correlations (R2 > 0.9), an F-test at a 

95% confidence level was then performed to examine any statistically relevant 

differences. The calculated F-value was above the critical F-value, confirming that the 

Langmuir model predicted the experimental data significantly better that the Freundlich 

model. Regarding the estimated parameters by the Langmuir model, the 𝑞𝑚𝑎𝑥 was 19.4 

± 0.1 mg/g and the 𝑅𝐿 values determined for all initial concentrations of Cu2+ tested were 

between 0.143 and 0.035, indicating that the adsorption process was favourable. 

The gathered results suggest that the active sites are homogeneously distributed 

over the ZIF-DPC surface and have equal adsorption performance, leading to a 

monolayer-type adsorption of the Cu2+ ions. However, ZIF-DPC revealed the lowest  

𝑞𝑚𝑎𝑥 in comparison to the other materials. 

 
Figure 5.12. Experimental and theoretical equilibrium isotherms of Cu2+ adsorption on ZIF-DPC (average 

values, n = 2). 
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Table 5.11. Langmuir and Freundlich isotherm parameters of Cu2+ adsorption on ZIF-DPC (average value 

± standard deviation, n = 2) 

Langmuir model 

𝒒𝒎𝒂𝒙 (mg/g) 𝑲𝑳 (L/mg) R2 SE (mg/g) 

19.4 ± 0.1 1.4 ± 0.1 0.986 1.13 

Freundlich model 

𝒏 𝑲𝑭 [((mg/g).(L/mg))1/n] R2 SE (mg/g) 

6.6 ± 0.2 10.1 ± 0.2 0.930 2.13 

 

5.3. Recycling studies 

The ability to recover and reuse adsorbents are important aspects towards 

sustainable and cost-effective adsorption processes for practical applications. 

Considering this, recycling experiments were performed using MIL-88B(Fe), since it was 

the adsorbent material that revealed the most promising Cu2+ adsorption efficiencies and 

the highest 𝑞𝑚𝑎𝑥 value. In this study, the first adsorption cycle was performed using 1.00 

g/L of adsorbent in the presence of 10.0 mg/L of Cu2+ ions at pH 5.50. Thereafter, the 

adsorbent was recovered and the second cycle experiments were conducted in two 

different ways, one after the adsorbent regeneration using 0.01 mol/dm3 of HCl as eluent, 

while the other was carried out without further desorption treatment. The desorption 

process with HCl was able to recover 66 ± 2% of the Cu2+ ions adsorbed on MIL-88B(Fe). 

The resultant adsorption efficiencies at each cycle are displayed in Figure 5.13 and 

summarized in Table 5.12. It can be seen that the uptake of Cu2+ ions slightly decreased 

from 82 to 76% in the second cycle performed without desorption treatment. This 

outcome was expected, due to the less availability of unoccupied active sites. 

Nevertheless, the obtained adsorption efficiency was quite reasonable, given the fact 

that no desorption treatments were performed, thus confirming the high adsorption 

capacity of this MOF. 

In the second cycle conducted after the desorption process the removal efficiency 

increased by 10% compared to the first cycle. This could suggest that the HCl treatment 

may have created defects in the crystalline structure of MIL-88B(Fe), thus introducing 

more active sites for Cu2+ ions to be adsorbed and consequently leading to an increase 

on the uptake efficiency.  
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Figure 5.13. Removal efficiencies upon consecutive cycles with and without desorption treatment with HCl 

(average values, n = 2). 

 

 

Table 5.12. Summary of the removal efficiencies upon consecutive cycles with and without desorption 

treatment with HCl (average value ± standard deviation, n = 2). 

Cycle  Removal of Cu2+ (%) 

1st  82 ± 4 

2nd without treatment 76 ± 5 

2nd with treatment 93 ± 5 
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6. Materials characterization after adsorption 

studies 

 

After the adsorption studies, the adsorbent materials were characterized by PXRD, 

FT-IR and SEM/EDS to evaluate their chemical stability throughout the adsorption 

processes. Moreover, FT-IR technique was also employed to detect any changes on the 

chemical environment of the functional groups in the presence of copper ions, providing 

further insights regarding the interactions between the metal ions and the adsorbent 

structure. 

6.1. MIL-88B(Fe) 

6.1.1. PXRD 

The crystalline structure of MIL-88B(Fe) after the adsorption of Cu2+ as well as after 

the desorption process with HCl was investigated by PXRD and the obtained diffraction 

patterns were compared to the initial MIL-88B(Fe) pattern (Figure 6.1).  

The diffraction pattern of MIL-88B(Fe) after adsorption revealed sharp and intense 

diffraction peaks, indicating that the material maintained its crystalline nature. 

Nevertheless, some differences were observed regarding the intensity and position of 

the diffraction peaks in comparison to the initial PXRD pattern. This phenomenon could 

be due to the large swelling breathing effect that the MIL-88B(Fe) framework experiences 

when the pores are filled with guest molecules. The host-guest interactions have the 

ability to induce large atomic displacements in the framework structure, which even 

induce changes in its unit cell parameters, and consequently lead to significant changes 

in the position and intensity of the diffractions peaks.80, 132 

The desorption process with HCl solution of 0.01 mol/dm3 seems to have induced a 

partial collapse of the original framework structure, due to the appearance of a very broad 

diffraction peak at 2θ of 10.70º.  

From the gathered results, we can suggest that MIL-88B(Fe) maintained its 

crystalline structure throughout the adsorption experiments. This observation allied with 

its great adsorption performance of Cu2+, suggest that MIL-88(Fe) is a promising 

adsorbent towards the removal of water contaminants. However, further studies 

concerning the use of alternative desorption eluents (e.g. EDTA, NaCl) or different 

concentrations of HCl must be performed, since the desorption process with HCl at 0.01 



108 FCUP 
Design of porous materials for environmental remediation 

 

mol/dm3 seems to have led to partial degradation or phase change of the framework 

structure.  

 

Figure 6.1. PXRD patterns of MIL-88B(Fe) (a) before and (b) after the adsorption of Cu2+ and (c) after the 

desorption process with HCl. 

 

6.1.2. FT-IR 

The influence of adsorption and desorption studies in the structural integrity of MIL-

88B(Fe) was also investigated by FT-IR, in order to understand the impact of this 

procedures at a molecular level. The infrared spectra of MIL-88B(Fe) before and after 

the adsorption and desorption studies, as well as the spectrum of pure terephthalic acid 

molecules are presented in Figure 6.2. 

It can be observed that after the adsorption of Cu2+ ions, the material maintained all 

the characteristic absorption peaks assigned to the vibrational modes of the coordinated 

terephthalate linkers, confirming that the molecular structure of MIL-88B(Fe) was 

preserved after being exposed to copper ion solutions. No apparent shifts in the 

wavenumber values were observed, expect for the vibrational band ascribed to the 

asymmetric stretching mode of the carboxylate anionic groups, which revealed a minor 

shift towards higher wavenumbers, from 1602 cm-1 to 1610 cm-1, and a drastic intensity 

decrease. This could suggest that the copper ions might be trapped insight the 

framework pores, and thus affecting the asymmetric stretching vibrations of the 

carboxylate groups. 
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Regarding the spectrum of MIL-88B(Fe) after the desorption process, we can see 

major shifts in the vibrational bands assigned to the O–C–O asymmetric and symmetric 

stretching vibrational modes towards lower wavenumber values, from 1602 to 1425 cm-

1 and from 1392 to 1290 cm-1, respectively. Moreover, the appearance of additional 

adsorption peaks can also be seen, which the most evident one at 1690 cm.1. Comparing 

this infrared spectrum with the one of pure terephthalic acid, we can state that these 

occurrences are mainly due to the presence of non-coordinated ligands, which suggests 

at least partial structural collapse of the framework after being subjected to the HCl 

treatment, further confirming the gathered results from PXRD. 

 
Figure 6.2. FT-IR spectra of MIL-88B(Fe) (a) before adsorption, (b) after adsorption and (c) after HCl 

desorption treatment; (d) FT-IR spectrum of pure terephthalic acid compound. 

 

6.1.3. SEM/EDS 

The SEM micrographs, displayed in Figure 6.3, revealed that after Cu2+ adsorption, 

MIL-88B(Fe) retained its original morphology, as evidenced by the well-defined 

microrods with hexagonal shape. The particles showed an average length of 1.80 ± 0.30 

µm and the average width of 278 ± 45 nm, which seems to be lower than the previously 

reported values in section 3.3.4. concerning the as-synthetized MOF.  
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The EDS spectrum shown in Figure 6.4, verified the chemical composition of the 

MOF, and confirmed the uptake of Cu2+ ions by MIL-88B(Fe), owing to the presence of 

copper element. 

The SEM micrographs of MIL-88B(Fe) after the desorption process showed that the 

morphology of the particles was completely changed in comparison with the starting 

MOF (Figure 6.5). Instead of hexagonally shaped microrods, small nanostructures could 

be observed, with an average size of 113 ± 15 nm. This outcome suggests that the 

framework of MIL-88B(Fe) was indeed destroyed in the presence of HCl. Further 

confirming the gathered conclusions from PXRD and FT-IR techniques. 

The EDS analysis identified the presence of the main chemical elements of the 

original material (Fe, C and O) and trace amounts of chloride, arising from the HCl 

solution (Figure 6.6). 

 
Figure 6.3. SEM micrographs of MIL-88B(Fe) after adsorption studies at different magnifications (a) 5,000x 

and (b) 20,000x. 

 

Figure 6.4. EDS spectrum of MIL-88B(Fe) after adsorption of Cu2+ ions. 
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Figure 6.5. SEM micrographs of MIL-88B(Fe) after desorption studies at different magnifications (a) 5,000x 

and (b) 50,000x. 

 

 

Figure 6.6. EDS spectrum of MIL-88B(Fe) after desorption process with HCl 0.01 mol/dm3. 

 

6.2. MIL-100(Fe) 

6.2.1. PXRD 

The chemical stability of MIL-100(Fe) after the adsorption studies, was verified by 

PXRD. The diffraction patterns of MIL-100(Fe) before and after the adsorption studies 

are displayed in Figure 6.7. As it can be observed, all the diffraction peaks characteristic 

of the MIL-100(Fe) crystalline structure were preserved after the adsorption process. 

Moreover, the appearance of narrow and well-defined peaks indicates that the material 
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maintained its highly crystalline nature. These results confirm the high chemical stability 

of the MIL-100(Fe) framework even when exposed to aqueous media. 

 

 

Figure 6.7. PXRD patterns of MIL-100(Fe) (a) before and (b) after adsorption studies. 

 

6.2.2. FT-IR 

After the adsorption studies, the molecular structure of MIL-100(Fe) was analysed by 

FT-IR and the obtained spectrum was compared with the one from the as-synthetized 

MIL-100(Fe), as demonstrated in Figure 6.8.  

As it can be seen, the infrared spectrum of MIL-100(Fe) after adsorption revealed all 

the characteristic vibrational bands of MIL-100(Fe) framework without apparent shifts in 

their wavenumbers.  

Moreover, the absence of additional vibrational bands at ca. 1710-1720 cm-1 

attributed to the stretching vibrational mode of the C=O bonds of free carboxyl groups 

could be a good indicator that hydrolysis did not occur in the Fe–O bonds, otherwise free 

trimesic acid molecules would be present. Therefore, these observations indicate that 

MIL-100(Fe) maintained its framework integrity during the adsorption process, which is 

in agreement with the PXRD results. 
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Figure 6.8. FT-IR spectrum of MIL-100(Fe) (a) before and (b) after the adsorption studies. 

 

6.2.3. SEM/EDS 

The morphology and particle size of MIL-100(Fe) loaded with Cu2+ ions were 

evaluated by SEM and its chemical composition was assessed by EDS analysis. In 

Figure 6.9 and 6.10 are represented the obtained micrographs at different magnifications 

and the EDS spectrum, respectively.  

The gathered results from the SEM micrographs revealed that the particles 

maintained their typical octahedral shape, as observed for the as-synthetized MIL-

100(Fe) particles (see section 3.1.4.). The average size of MIL-100(Fe) after adsorption 

of Cu2+ ions was 225 ± 57 nm, which is in the same size range of the pristine MOF.  

The EDS analysis allowed for the detection of the main chemical components of the 

MOF structure, such as iron, carbon and oxygen, as well as for the copper element, 

confirming that the Cu2+ ions were indeed adsorbed at the internal or external surface of 

the MOF. 
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Figure 6.9. SEM micrographs of MIL-100(Fe) after adsorption studies at different magnifications (a) 2,000x 

and (b) 10,000x. 

 

 

Figure 6.10. EDS spectrum of MIL-100(Fe) after adsorption of Cu2+ ions. 
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6.3. ZIF-DPC 

6.3.1. PXRD 

In an attempt to evaluate if there were any changes in the crystalline structure of ZIF-

DPC after the adsorption studies, a PXRD analysis was conducted. Through comparison 

of the PXRD patterns of ZIF-DPC before and after adsorption of Cu2+ ions (Figure 6.11), 

it can be observed that all the diffraction peaks related to the graphitic carbon matrix and 

the metallic cobalt particles were preserved. Thus, confirming that the composite material 

maintained its structural integrity throughout the adsorption experiments, proving its 

chemical stability and suitability for application in aqueous solutions.  

 

 

Figure 6.11. PXRD patterns of ZIF-DPC (a) before and (b) after the adsorption of Cu2+. 

 

6.3.2. FT-IR 

Figure 6.12 displays the infrared spectra of ZIF-DPC before and after the adsorption 

of Cu2+ ions. Some differences between both spectra can be observed, regarding the 

intensities and shapes of the vibrational bands. The broad vibrational band at 1040 cm-1 

assigned to the C–N stretching vibrational mode almost disappeared after the adsorption 

process, which could be due to the influence of Cu···N–C interactions. Nevertheless, 
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both infrared absorption profiles are similar, suggesting the structural preservation of 

ZIF-DPC after the adsorption process. 

 

 

Figure 6.12. FT-IR spectra of ZIF-DPC (a) before and (b) after the adsorption of Cu2+ ions. 

 

6.3.3. SEM/EDS 

The SEM micrographs (Figure 6.13) revealed that after the adsorption studies, the 

morphology of ZIF-DPC particles was changed in comparison to the starting material, 

exhibiting irregular shapes and wide variety of sizes. Similar observations have been 

reported in the literature concerning materials applied in adsorption studies and this 

occurrence has been attributed to the mechanical forces that materials are subjected to, 

when kept under magnetic stirring.226  

The EDS spectrum confirmed the presence of cobalt and nitrogen elements arising 

from the composite material. Moreover, the presence of copper was also detected, 

proving that the Cu2+ ions were indeed adsorbed by the material (Figure 6.14). 
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Figure 6.13. SEM micrographs of ZIF-DPC after the adsorption process at different magnifications (a) 

5,000x and (b) 10,000x. 

 

 

Figure 6.14. EDS spectrum of ZIF-DPC after adsorption of Cu2+ ions. 
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7.  Final Conclusions 

One of the greatest challenges Humankind is facing in the twenty-first century is 

water pollution, which poses harmful risks to the whole environment and consequently 

threatens the sustainability of life on Earth. 

 Amongst several hazardous wastes that are daily disposed in water sources, heavy 

metals are the ones that raise the most concern, owing to their high toxicity and 

persistency in the environment. Henceforth, the development of sustainable and 

advanced methods for an efficient removal of these substances is of uttermost 

importance towards environmental balance and preservation.  

Nowadays, adsorption is considered one of the most sustainable and eco-friendly 

techniques towards wastewater treatment, due to its simple, versatile and cost-effective 

operational conditions. To fulfil these requirements, adsorbents should present well-

defined structural properties and high accessible surface area to achieve greater 

adsorption capacities.  

Over the last years, MOFs have revealed to be promising high-performance 

adsorbents for water purification applications, owing to their robust crystalline 

frameworks with intrinsic permanent porosity and high specific surface areas. However, 

there are still some limitations regarding their separation and recycling when applied in 

aqueous solutions. To circumvent this, one could use MOF-based adsorbents with 

magnetic properties, that could be elutriated by an external magnetic field.  

Keeping this in mind, the scope of this work was focused on three main goals: (i) 

preparation of iron- and cobalt-based MOFs with different underlying topologies as well 

as magnetic MOF-based composites through different strategies; (ii) perform complete 

characterization of the outcome products through well-established techniques (PXRD, 

FT-IR, SEM/EDS, TGA and N2 adsorption/desorption isotherms) and (iii) evaluation of 

their adsorption ability for copper removal from aqueous solutions. 

All the prepared materials revealed highly crystalline structures with well-defined 

morphologies and narrow particle size distribution, confirming the effectiveness of the 

synthetic routes applied. Moreover, their textural properties were in agreement with their 

intrinsic structural features and characteristic flexible behaviours upon external stimuli.  

In the adsorption studies, we assessed the maximum adsorption capacity of each 

adsorbent material towards copper ions. To accomplish this, we investigated the effect 

of key experimental parameters that pose major impacts on the overall adsorption 

process, such as solution pH, adsorbent dosage (solid/liquid ratio), contact time and 

initial adsorbate concentration. We have also applied commonly used mathematical 

models to assess important parameters concerning the kinetics and equilibrium of the 
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adsorption process in order to evaluate the performance of the adsorbents and potential 

mechanisms by which the overall process occur. 

From the gathered results throughout the experimental work, we concluded that the 

adsorption of copper ions was promoted under mild acidic conditions at an adsorbent 

dosage of 1.00 g/L. All tested materials, expect for MIL-53(Fe), revealed high removal 

efficiencies, emphasizing the great affinity of copper towards the adsorbents surface. 

MIL-88B(Fe) revealed to be the most promising of the tested materials, owing to its fast 

adsorption rate and higher maximum adsorption capacity, which was ten-fold better than 

the other adsorbents.  

Moreover, considering the obtained results regarding both surface charge and 

specific surface area, we can suggest that the adsorption of copper ions by the studied 

adsorbents is mainly due to the electrostatic interactions and internal diffusion through 

the porous structures, along with large swelling breathing behaviour from MIL-88B(Fe). 

Even though further recycling studies are required in order to assess the best 

experimental conditions to maximize the cost-effectiveness and viability of the process, 

the results were very promising and hopeful towards future applications, due to the high 

adsorption efficiency observed even in the absence of any desorption treatment, together 

with their enhanced processability (recovery and applicability).  

Another positive aspect that we discovered over the course of this project, was the 

outstanding chemical stability that all adsorbents revealed after the adsorption studies, 

especially considering that, one of the main challenges of using MOF-based materials in 

water applications is their relatively low stability when exposed to aqueous solutions, 

which is a promising indication of their viability for practical applications.  

In conclusion, the main objectives of this project were accomplished. We effectively 

prepared highly crystalline MOFs as well as magnetic MOF-based materials. All key 

factors influencing adsorption processes were also successfully investigated, thus 

uncovering high adsorption capacities towards copper ions.  

These findings have paved the way for future work concerning the enhancement of 

the recycling performances of each adsorbent throughout consecutive cycles with and 

without desorption processes, application of different eluents and evaluation of their 

desorption efficiencies, as well as their impact on the material structural integrity and 

finally, assessment of the adsorptive performance of the most promising adsorbents in 

real water samples. 
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29. Kołodyńska, Z. H. D., Selective Removal of Heavy Metal Ions from Waters and Waste 
Waters Using Ion Exchange Methods. In Ion Exchange Technologies, Kilislioğlu, A., Ed. 
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Appendix  
 

 
Figure A.1. Calibration curve for the determination of Cu2+ concentration. 

A = 0.0847 [Cu2+] + 0.0059

R² = 0.9996
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