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SUMMARY 

Nowadays the environmental pollution is a great global enemy, being one of the problems 

that most affect the whole world. It arises as a result of the addition of any pollutant 

substance to the environment, with an amount that causes adverse effects on living beings. 

The present work focuses on the elimination of certain aqueous contaminants, such as 

fluoride or different metal ions. Exist a great variety of methodologies for the treatment of 

wastewater, however, the adsorption is recognized as one of the most effective methods 

for this purpose, since offers simplicity of the experimental design and low cost of the 

methodology. 

Different nanostructured materials have been applied for the adsorption of the 

aforementioned water contaminants. These materials have been chosen because of the 

high surface area that they offer in a very small volume. Therefore, they present ideal 

characteristics as adsorbent materials for the treatment of wastewater. 

The first chapter of the thesis focuses on the removal of fluoride from contaminated water. 

Hierarchical alumina microspheres (HAM) have been selected as the optimum material, 

due to their high surface area and porosity, as well as the stability of the material against 

large changes in pH and temperature. The microspheres have been synthesized using the 

methodology described in the literature with significant modifications, and have 

subsequently been characterized with techniques such as SEM, TEM, XRD, DLS or BET, 

providing detailed information on the morphology and the structural properties of the 

material. Two types of HAM, differing mostly for crystallinity, surface area and pore size 

have been obtained. 

Potentiometric studies have been performed to determine the fluoride remaining in 

solution. The obtained results have been adjusted with the Langmuir and Freundlich model 

to describe the adsorption mechanism, obtaining a better correlation with the Langmuir 

isotherm. The adsorption constant obtained for type A is 1 order of magnitude higher than 

for type B, showing that the synthetic protocol has a remarkable effect on this parameter. 

The highest defluoridation capacity reaches 26 mmol·g-1 after 1 hour of equilibration for 

the amorphous HAM, which is higher than for other adsorbents reported in the literature.   



 
 

Accurate data on the enthalpy associated to the adsorption process allow the design of the 

best conditions both for the uptake and for the eventual successive release of a given 

chemical species. In previous works, the enthalpy associated to fluoride adsorption (∆Hads) 

has been calculated by the van’t Hoff equation (using the temperature dependence of the 

Langmuir adsorption constant). However, many studies considered the discrepancies 

between enthalpy values obtained directly (ITC) and from van’t Hoff equation and 

evidenced the large uncertainties associated to the latter method. In this work, ITC is 

applied for the first time to obtain direct determination of ∆Hads for fluoride ion adsorption 

by HAM to provide independent and more robust thermodynamic parameters. The ∆Hads 

values obtained are clearly negative for the different samples investigated. 

 

The second part of the thesis focuses on the removal of heavy metals and precious metals 

from contaminated water. In this case, magnetic nanoparticles (SPION, Super 

Paramagentic Iron Oxide Nanoparticles) have been chosen as adsorbent. Magnetic 

materials (such as SPION) may represent an interesting tool for the removal/recovery of 

metal ions from aqueous media, as they can be dispersed in the sample and easily 

recovered by using a magnetic field. However, for the adsorption of metal ions, the 

unmodified SPION has been demonstrated to have a small adsorption capacity. One of the 

advantages of this material is that its surface is easily modifiable by adding an organic 

ligand. Therefore, following the HSAB theory, ligands with functional groups such as -SH or 

-RSR- have been selected for SPION modification. 

The aim of this study is to synthesize SPION and functionalize them with sulphur containing 

groups for the selective removal of heavy metals such as Cd2+, Hg2+, Pb2+ and Cr6+ and, on 

the other hand, for the recovery of precious metals such as Ag+ and Pt4+ from aqueous 

solution, characterizing also the adsorption processes in terms of loading capacity and 

thermodynamic parameters.  

SPION have been synthesized and functionalized with 3-mercaptopropionic acid (3-MPA) 

following the procedure published in the literature and then characterized by standard 

methods (SEM, TEM, BET, FT-IR, XRD and TGA), while the metal adsorption process has 

been studied using a new methodology which combines Inductively Coupled Plasma-

Optical Emission Spectrometer (ICP-OES) and Isothermal Titration Calorimetry (ITC). While 



 
 

in previous works ΔHads (adsorption enthalpy) related to metal adsorption have been 

calculated by the van’t Hoff equation, ITC is applied for the first time in this work for the 

direct determination of ΔHads. In the present method, data obtained by ICP-OES have been 

fitted with a Langmuir isotherm to obtain the value of the adsorption constant (Kads). Then, 

the Kads has been used to calculate the free metal concentration for each titrant addition 

in the calorimetric titrations in order to fit the experimental heat and ultimately obtain the 

ΔHads value for the metal adsorption. Moreover, ITC is also applied as a screening of the 

adsorbent material, in order to discriminate the optimal candidate for metal 

removal/recovery applications. 

 

 

 

 

 

 

 

 

  



 
 

 

 

 

 

 

 

 

 

  



 
 

RIASSUNTO 

Attualmente, l'inquinamento ambientale è un importante nemico globale, uno dei 

problemi che maggiormente influenzano il nostro mondo. Si pone come risultato 

dell'aggiunta di sostanze nell'ambiente, con un importo che che gli effetti negativi sugli 

esseri viventi quando supera i livelli determinati dalla legge. Questo documento si 

concentra sulla eliminazione di alcuni contaminanti acquosi, come il fluoruro o ioni 

metallici. Esistono una grande varietà di metodologie per il trattamento delle acque reflue, 

tuttavia, adsorbimento è riconosciuto come uno dei metodi più efficaci per questo scopo, 

a causa della sua semplicità nel disegno sperimentale e basso costo del metodo. 

Diversi materiali nanostrutturati sono stati utilizzati per l'adsorbimento dei contaminanti 

dell'acqua previamente nominati. Questi materiali sono stati scelti per l'area superficiale 

che offrono in un volume molto piccolo, in modo che hanno caratteristiche ideali come 

adsorbenti per il trattamento delle acque reflue. 

La prima parte della tesi si concentra sulla rimozione di fluoruro dell'acqua contaminata. 

Microsfere di allumina gerarchiche (HAM) sono state selezionate come i materiali ottimali, 

per la sua elevata area superficiale e porosità e per la stabilità che presentando contro 

grandi variazioni di pH e temperatura. Le microsfere sono state sintetizzate utilizzando il 

metodo descritto in letteratura con variazioni significative, e poi caratterizzate utilizzando 

tecniche come SEM, TEM, XRD, BET DLS per fornire informazioni dettagliate sulle proprietà 

morfologiche e strutturali del materiale. Due tipi di HAM, con differenze principalmente 

nella cristallinità, area superficiale e dimensione dei pori. 

Studi potenziometrici per determinare il fluoro residuo in soluzione sono stati sviluppati. I 

datti ottenuti sono stati aggiustati per il modello di Langmuir e Freundlich, con l’obiettivo 

di descrivere il meccanismo di adsorbimento, ottenendo una migliore correlazione con 

l'isoterma di Langmuir. La costante di adsorbimento ottenuta per il tipo A è 1 ordine di 

grandezza superiore a quello per il tipo B, che mostra che il protocollo sintetico ha un 

effetto notevole su questo parametro. La più alta capacità di carico dei fluoruro raggiunge 

26 mmol g-1 dopo 1 ora di equilibrio per il materiale più amorfo, questo valore è anche 

superiore rispetto ad altri adsorbenti riportati in letteratura. 



 
 

Dati precisi sulla entalpia associata al processo di adsorbimento consentono la 

progettazione delle migliori condizioni sia per l'assorbimento e per l'eventuale successiva 

liberazione di una data specie chimica. In lavori precedenti, l'entalpia associata ad 

adsorbimento fluoro (ΔHads) è stata calcolata con l'equazione di van't Hoff (utilizzando la 

dipendenza dalla temperatura della costante adsorbimento Langmuir). Tuttavia, molti studi 

considerano le discrepanze tra i valori di entalpia ottenuti direttamente (ITC) e 

dall'equazione Van't Hoff e evidenziano le grandi incertezze associate a quest'ultimo 

metodo. In questo lavoro, ITC viene applicato per la prima volta ad ottenere la 

determinazione diretta di ΔHads per l’adsorbimento di fluoruro in HAM per fornire i 

parametri termodinamici indipendenti e più robusti. I valori ottenuti sono chiaramente 

ΔHads negative per i diversi campioni esaminati. 

La seconda parte della tesi si concentra sulla rimozione dei metalli pesanti e metalli preziosi 

da acqua contaminata. In questa occasione, sono stato scelte nanoparticelle magnetiche 

(SPION; Super Paramagnetic Iron Oxide Nanoparticles)  come materiale adsorbente. I 

materiale mangnetici (ad esempio SPION), possono rappresentare un interessante 

strumento per la rimozione/recupero di ioni metallici da mezzi acquosi perché possono 

essere dispersi nel campione e recuperati facilmente utilizzando un campo magnetico. 

Tuttavia, per l'assorbimento di ioni metallici, il SPION non modificato presenta una capacità 

di carico per questi metalli molto bassa. Uno dei vantaggi di questo materiale è che è 

facilmente modificabile aggiungendo un ligando organico alla superficie. Seguendo teoria 

HSAB,  leganti con gruppi funzionali come -SH o -RSR- sono stati selezionati per modificare 

la superficie delle nanoparticelle. 

Quindi, l'obiettivo di questo studio è quello di sintetizzare SPION e modificarlo con  ligandi 

continenti S nel loro gruppo funzionale per l'assorbimento selettivo di metalli pesanti come 

Cd2+, Hg2+, Pb2+ e Cr6+, e per ricuperare metalli preziosi come Ag+ e di Pt4+ del mezzo 

acquoso, caratterizzando anche processi di adsorbimento in termini di capacità di carico e 

parametri termodinamici. 

SPION sono state sintetizzate e funzionalizzate con  acido 3-mercapto propionico (3-MPA) 

e acido 3,3'-tiodipropionico seguendo la procedura pubblicata in letteratura, e 

posteriormente caratterizzate con dei metodi standard (SEM, TEM, BET, FT-IR, XRD e TGA), 

mentre il processo di adsorbimento metallo è stata studiato utilizzando una nuova 



 
 

procedura che combina ICP e ITC. Mentre nel lavoro precedente sono state calcolate ΔHads 

(entalpia di adsorbimento) relative a l'assorbimento di metalli di mediante l’equazione di 

van't Hoff, l'ITC è applicato per la prima volta in questo lavoro per la determinazione diretta 

di ΔHads. Nel presente metodo, i dati ottenuti da ICP-OES sono stati aggiustati con la 

isoterma di Langmuir e così ottenere il valore della costante di adsorbimento (Kads). Poi Kads 

è stata utilizzata per calcolare la concentrazione di metallo libero per ogni aggiunta di 

titolante nella titolazione calorimetrica per aggiustare il calore sperimentale e infine 

ottenere il valore di ΔHads per l’adsorbimento del metallo. Inoltre, l'ITC viene anche 

applicato come screening del materiale adsorbente con il fine di discriminare il candidato 

ottimale per applicazioni di estrazione/recupero del metallo. 
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1. INTRODUCTION 

 

1.1. WATER RESOURCES 

Water is a renewable but limited and vulnerable resource, essential to sustain life, development 

and environment, and most of it is stored as salt water in the oceans.1 Contrarily to saltwater, 

freshwater, because of its purity,  is generally utilized for human activities, but it is estimated that 

only the 3% of the total water of the whole world is freshwater and only a third of that is available 

as surface water or ground water.1 It is accessible to most of the people in the world; however, in 

a study by the World Health Organization (WHO) along with United Nations Children's Fund 

(UNICEF), it has been stated that in 2015, 663 million people still lack improved drinking water 

sources.2  

Since water quality is not access to all areas of the world, and the amount available for humans is 

limited in time, there is the necessity to manage water uses in a sustainable manner, by controlling 

the presence of contaminants for availability, renovation and maintenance of it. Furthermore, 

population and human activity are increasing rapidly, and consequently water consumption has 

considerably increased, affecting the chemical composition of water resources. The intensity and 

diversity of water uses is part of the problem. The other is the threat facing the quality of water 

sources of human contamination, such as agriculture, industry, leaking sewers or septic tanks.  

The presence in discharge waters of ions such as fluoride, arsenic, nitrate, iron, manganese, 

chloride, selenium, toxic metals and radioactive materials, coming from natural or anthropogenic 

sources, may endanger water quality leading health problems to living organisms.3 

In the recent decades, wastewater has represented one of the major problems worldwide, because 

of the damages caused through its release in the environment, including pollution in the natural 

environment and drinking water, affecting thousands of people. Therefore, several mechanisms 

have been developed over time with the purpose to purify wastewater, removing the components 

from contaminated water that may result in damages to human health, water quality and 

ecosystem status, returning the water safely to natural sources and avoiding the risks to humans 

and the environment. Figure 1.1 summarizes the water cycle through which water is treated to 

maintain the good quality of water. 
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Figure 1.1. Integrated water cycle (figure adapted from 4). 

 

1.2. FLUORIDE 

Fluorine is the lightest member of the halogen group and it is known as one of the most reactive 

element of the periodic table.5,6 It is the most electronegative of all the elements7, therefore, it has 

a strong tendency to acquire negative charge, and form fluoride anion (F-) in solution, which is the 

only oxidation state found in the nature.7 

Fluorine represents about 0.06–0.09 per cent of the earth’s crust accounting about 0.3 g kg-1 of it,5 

and exists in the form of fluoride in more than 300 minerals,6  of which fluorite (CaF2), cryolite 

(Na3AlF6) and fluorapatite (Ca5(PO4)3F) are the most common.5 

 

 
Figure 1.2. Representative images of fluorite8 (A), cryolite9 (B) and fluorapatite10 (C). 
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1.2.1. Natural sources 

Waters with high fluoride concentrations occur in large and extensive geographical belts associated 

with several sources as sediments of marine origin in mountainous areas, volcanic rocks or ores, 

which are the main natural source of inorganic fluorides in soils, arriving to groundwater by the 

dissolution of them.11  

 

1.2.2. Anthropogenic sources 

Besides the natural geological sources for fluoride enrichment in groundwater, several human 

activities are also contributing to fluoride pollution. However, quantitative information about the 

release of fluoride into environment from anthropogenic sources is limited. Fluoride is discharged 

in the environment by exhaust gases, wastewaters and solid waste from several industrial 

processes,11 such as glass, brick and ceramic production, semiconductor manufacturing, steel 

manufacture, aluminum, copper and nickel production, aluminum smelters or phosphate fertilizer 

production and use.11,12 The effluents of those industries can elevate the fluoride concentration in 

water from tens to thousands of mg·L-1,12 much higher that the concentration recommended by 

WHO (1.5 mg L-1).5,12 Therefore, it is necessary to develop techniques to remove F- from 

wastewaters in order to maintain the concentration in water not upper 1.5mg L-1. Figure 1.3. 

Schematic representation of fluoride reservoirs and flux on the Earth, with approximate 

volumes.6shows a schematic cycle of fluoride through the biogeosphere by natural and 

anthropogenic origins. 

 
Figure 1.3. Schematic representation of fluoride reservoirs and flux on the Earth, with approximate volumes.6 
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1.2.3. Health effects 

Fluoride is one of the very few chemicals that has been shown to cause significant effects in people 

through drinking water: depending on the amount of the ion intake it may cause beneficial or 

adverse effects.5,12,13 

On the one hand, the exposure to low levels of fluoride in drinking-water (i.e., approximately 1 mg 

L-1) has long been known to have a beneficial effect on the reduction of dental caries.5 But on the 

contrary, the excessive exposure to fluoride from drinking-water or other sources, may cause a 

number of adverse harmful effects; from dental fluorosis, in mild cases, to osteoporosis, arthritis, 

cancer, infertility, brain damage, thyroid disorder or crippling skeletal fluorosis as the level and 

period of exposure increases.5,12,13  

A high presence of fluoride in drinking water is affecting millions of people in several regions of the 

world such as south-east of Africa, United States, the Middle East of Asia, South America, and Asian 

countries. However, China and India are the worst affected countries3 (* no recent data available. 

Figure 1.4). 

 
* no recent data available. 

Figure 1.4. Estimated population exposed to fluoride contamination in selected countries (x103). (Figure 
adapted from reference13). 

Keeping the view of toxic effects of fluoride on human health, there is an urgent need to find out 

an effective and robust technology for the removal of excess fluoride from drinking water. 
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1.3. HEAVY METALS 

In the last decades, the term heavy metals (HM) has been widely used but there is not any 

authoritative definition in the literature.14 A wide number of definitions exists, based to different 

characteristics of the metals and metalloids. 

The oldest scientific definition of the term HM of the English literature,15 may be found in Bjerrum’s 

Inorganic Chemistry16 published in 1936. Such definition is based on the density of the metals, and 

says that HM are those with a density greater than 7g cm-3. The description of such metals has 

evolved over time, but there is no consistency on that. Several definitions exist in terms of 

density,14,15,17,18 either greater than 4g cm-3, higher than 5 or 6g cm-3 and even greater than 3.5g 

cm-3. At some point in the history of the term, it has been realized that specific gravity is not of 

great significance in relation to the reactivity of the metal.15 Therefore, several definitions have 

been formulated in terms of atomic weight. However, the standard of judgement still unclear, 

appearing scientists defining the HM as those metals with an atomic mass greater than 23 (Na),19 

higher than 40 (Sc).  Even in some cases, HM have been defined in general way, described as such 

metals with high atomic weight,20 the atomic number,14,21 or the chemical properties; or the ones 

which give reaction with dithizone.14 Not enough, another way to classify HM is to define them 

without clear basis other than toxicity as those elements commonly used in industry and generically 

toxic to animals.14 

Even today, there is still no agreement about the specific gravity of HM. Attending this, there is not 

any conclusion to decide which metals should or not be included in the category of HM, being the 

term imprecise. In the present work, the term heavy metals is used to describe metals, 

characterized by their high density, which have been related with contamination and potential 

toxicity.15  

Although few HM are essential for human health, an excess amount of these metals can have 

negative effects18,22 such as zinc, which is essential for physiological of living tissue and regulation 

of several biochemical processes but in excess causes health problems such as stomach cramps, 

skin irritations, vomiting, nausea and anemia,18 or copper, which is indispensable for animal 

metabolism, but an excessive ingestion of it leads  vomiting, cramps, convulsions or  even death.18 

Besides the HM which have essential functions to health, some others such as lead, cadmium and 

mercury have no relevance for living organisms and, even in traces, can cause severe damages to 

organisms.23  

Because of their high solubility in aquatic environments, HM are absorbed by living organisms and 

contrary to organic contaminants, these metals are not biodegradable and tend to accumulate in 

them.18 These toxic metals enter in the food chain, consequently large concentrations of these 
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pollutants may be accumulated in human body.18,24 When the metals reach the concentration 

limited by law, they can cause several health problems. 

Figure 1.5 below present cycle of the HM in the environment as well as the impact in humans. 

 
Figure 1.5. Cycle of HM within the environment.25 

In the present work, some HM have been selected for the study of heavy metals removal including 

lead, chromium, mercury and cadmium. The main characteristics of such metals are described in 

Table 1.1.  
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METAL Description Sources Health effects 

Pb 

The commonest of the HM26 and it is a 
greyish-black soft solid, dense. It exists in 
two oxidation states (+4 and +2) but it is 
found in nature almost exclusively as lead 
sulfide (II) (galena).27 

Volcanic activity or sea spray emissions 
contribute to lead pollution. However, most of 
the lead contamination is the result of human 
activity; smelting, refining and informal recycling 
of lead; use of gasoline; or production of lead-
acid batteries.28 

It is one of the most toxic elements of those we are 
exposed. At low concentrations, it causes anaemia and 
headache; but at high concentrations it causes serious 
problems such as kidney failure, convulsions, brain damage 
and even death.27,28 The WHO has determined that the 
tolerable intake level in drinking water is 10 μg L-1.28  

Cr 

It is a grey, hard metal widely distributed 
in Earth’s crust and it can be found in 
oxidation states from +2 to +6,29 being 
highest oxidation states those of highly 
interest due to its toxicity.30 It has not been 
found in the pure form; its highest grade 
contains about 55% chromic oxide.29   

The total natural chromium concentration in 
surface water depends on the region of the 
world. However, most of the chromium pollution 
is generated by the use of it and its salts in leather 
tanning or ceramic and glass industry, 
manufacture of catalysts, textile industries, 
fungicides or chromium metal production, 
chrome plating, and corrosion control. 30,31 

Cr(VI) is classified as human carcinogen, while and Cr(III) is 
not classifiable as to its carcinogenicity to humans.32 The 
WHO  have determined a limit concentration of total Cr of 
0.05mg L-1.32 This value has been designated as provisional 
due to uncertainties in the toxicological database,32 which 
is considered to be unlikely to cause health risks. 

Hg 

It is a liquid metal at room temperature. 
The elemental metal may be found 
combined with other elements to form 
inorganic compounds of its monovalent 
and divalent forms, existing a large 
number of them.33 

It may be found naturally in the Earth’s crust and 
can be transported throughout the environment 
by air and water.33 Because of industrialization, 
human activities become a contribution to 
mercury release, due to mining operations, 
combustion of fossil fuels, cement production, 
plastic or electronic industry and incineration of  
wastes.34,35 

Low exposures does not cause adverse health effects. 
However, if it exceeds the established levels may cause 
adverse effects on human health. Hg compounds  act as 
poisoning causing hemorrhagic gastritis and colitis and 
then damages to kidneys.27 The guideline value determined 
by WHO of maximum inorganic mercury concentration in 
water is 0.006 mg L-1. 32  

Cd 

It is a soft, ductile, silver-white metal with 
an oxidation state of +2. It is a relatively 
rare element; and it has not been found as 
native metal in the nature. 29,36 Cd has not 
been produced until the twentieth 
century. It is a by-product of zinc industry, 
thus, its production is determined by those 
of zinc.29 

The major natural release into the environment 
comes from volcanic activity.29,37 Although 
natural sources, the major part of Cd in the 
environment is due to industries such as smelting 
of non-ferrous metal ores, fossil fuel combustion 
and municipal waste incineration are the 
principle causes of cadmium discharge into the 
environment.38 

The accumulation of that metal lead to tubular dysfunction, 
resulting in an increasing excretion of low molecular weight 
proteins in the urine.38 Such effect on kidneys are generally 
irreversible. Then, the maximum concentration of 
cadmium in water suggested by WHO is 0.003mg L-1.37  

Table 1.1. Description of main characteristics of selected HM.
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1.4. PRECIOUS METALS 

Under the name of precious metals (PM) are grouped the called platinum group elements (PGM; 

Platinum Group of Metals); ruthenium, rhodium, palladium, platinum, osmium, iridium, along with 

gold and silver. The common property of these metals is the noble character of them due to their 

passivity through chemical reagents, makes them ideal for a wide range of applications.39  

In recent decades, the development of electronic industry and the use throughout the world of 

electronic devices, mobile phones or PC’s has increased rapidly and, consequently, the quantity of 

electrical and electronic wastes (e-wastes) generated is increasing dramatically.40–42 The quantity 

of e-waste grow as the economies grow and new technologies are developed. According to the 

“Solving the E-Waste Problem Initiative”,42 about 49 million tons of e-waste have been generated 

in 2012 around the world, and it will be 65.4 million tons in 2017.42 More than half of e-wastes 

consist of metals that include a significant proportion of valuable metals or their compounds, which 

indicates not only the loss of huge amount of resources but also the threat of environmental 

pollution.25  

Therefore the recycling and reuse have become one of the promising options for e-waste 

treatment, which results in an important source of PM (much higher than those of any conventional 

natural ore40).  

This thesis focused on the pre-concentration of two of the existing PM, silver and platinum. Silver 

has several applications in fields from electronics to catalisys or antibiotics.43 Consequently, 

thousands of tons of such metal is then emitted to the environment.43 

Platinum is also widely used in a variety of industries due to their unique physical and chemical 

properties. Their main uses are the automotive industry, the chemical industry process catalisys or 

the electrical industry.25 

Considering the scarcity of natural sources, it is economically and ecologically important to recover 

that metal ions from industrial emissions.  The principal characteristics of these metals are 

described in Table 1.2. 
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METAL Description Sources 

Ag 

 Ag, along with Au and Cu, are known as 
coinage  due to they are easily obtained in 
the metallic state; malleable; chemically 
unreactive; and, in the case of silver and 
gold, the low abundance of the metals 
involved that coins have intrinsic value of 
the metal itself.27  

It is found in nature as free element or in 
minerals containing Ag. Significant amounts 
of Ag are also obtained during the extraction 
of Pb from their ores and electrolytic refining 
of Cu.27,44 In almost all simple Ag compounds, 
the metal has an oxidation number of +1 and 
Ag(I) ion is the only stable ion in water.27 

Pt 

 Is a silvery, shiny, lustrous, and poor 
reactive metal.27,44 It is easily drawn and 
worked when pure. Its chemistry is largely 
that of the +2 and +4 oxidation states. 
However, there are a few, formally, +1 and 
+3 compounds.44 

 It is found in nature as the element along 
with small amounts of other metals of 
platinum group (ruthenium, rhodium, 
palladium, osmium, iridium, platinum)  with 
a total annual production about 300 
tons.27,44 

Table 1.2. Main characteristics description of silver and platinum. 

 

1.5. WASTEWATER TREATMENTS 

The environment degradation, mostly caused by industrialization, has increased the public concern 

towards environment pollution and remediation. Therefore, in recent years several wastewater 

techniques have been developed to remove contaminants from aqueous medium; however they 

are still having some limitation especially that of high operation costs. The selection of a method 

for wastewater treatment should consider the conditions shown in Figure 1.6. 

 

Figure 1.6. Conditions of wastewaters treatments (figure based on the reference 45). 

The main technologies for the removal of inorganic pollutants from wastewaters are summarized 

in Table 1.3. 
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Methodology Description Ref. 

Precipitation The soluble chemicals are removed from solution by the addition of a 
reagent with which they react to form a precipitate. Then it would be 
removed by standard flocculation, sedimentation, and/or filtration 
processes. The produced sludge have to be managed as hazardous 
waste due to the high concentrations of pollutants, increasing the cost 
of the method.45 

46–55 

Ion-exchange A reversible chemical reaction wherein an ion from solution is 
exchanged with a similar ion attached to an immobile solid particle. Ion 
exchangers have a limited capacity; eventually become exhausted and 
must be regenerated by the appropriated solutions. Economic 
considerations of this methodology are the type and amounts of 
chemicals needed for regeneration.45 

56–65 

Membrane 
filtration 

An interphase between two adjacent phases, which acts as a selective 
barrier controlling material transport between them. The main 
advantage relates to the transport selectivity of the membrane. This 
processes do not require additives but these are relatively expensive to 
install and operate and prone to fouling, scaling, or membrane 
degradation. Membrane techniques include reverse osmosis, 
nanofiltration, dialysis and electro-dialysis.66 

67–79 

Adsorption It is defined as change in the concentration of a component in the 
surface layer in comparison with the bulk phase related to unit surface 
area. Adsorption involves interface accumulation of substances at a 
surface or interface. The process can occur at an interface between any 
two phases, in which the mass transfer becomes bound by physical 
and/or chemical interactions.24,66 

80–90 

Table 1.3. Description of inorganic contaminants removal methodologies. 

Several research studies showed that treated wastewater is an important component of the water 

resources supply to cover the needs of a growing economy. However, the deficiency of the 

technologies for wastewater treatment are the high investment and maintenance of itself and the 

secondary pollution generated.91 Hence, the greatest challenge in implementing a water treatment 

strategy is the adoption of low cost technologies. 

 

1.6. ADSORPTION 

As mentioned before, adsorption may be defined as an accumulation of compounds (adsorbate) 

on the surface provided by solid materials (adsorbent), and it is widely used to remove substances 

from fluid phases.92,93 Figure 1.7 describes schematically the adsorption process as well as the 

components involved on such procedure. Changing the conditions of the system, as pH, 
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concentration or temperature, the species can be released to the liquid phase. This reverse process 

is called desorption.  

 

Figure 1.7. Basic terms of adsorption.93 

 

1.6.1. Characteristics of adsorbents 

Adsorbent materials are categorized depending on their characteristics along with the basis of their 

matrix composition, polarity, chemical and physical resistance as well as their particle size 

distribution, surface area, density, porosity and the pore radius distribution. Table 1.4 summarizes 

the previously mentioned features. 

Material 
Features Description 

Density It maybe defined depending on the volume used as reference. It 
may be broken down into material density; quotient of 
adsorbent mass and volume of the solid material without pores, 
particle density; the ratio of adsorbent mass and adsorbent 
volume including pores, and the bulk density; the amount of 
adsorbent needed to fill a vessel divided by the volume including 
the interparticle volume. 93 

Porosity It specifies the fraction of void space on the total volume. 
Depending on the total volume considered, it can be 
distinguished between the particle porosity, and the bulk 
porosity. Both porosities can be derived from the densities. 92,93 

Surface area The inner or specific surface area is a multiple of the outer 
surface of an adsorbent and is the site where adsorption occurs. 
Consequently, such parameter deserves special attention when 
choosing an adsorption material. The inner surface area is 
inversely proportional to the pore size; if the diameter is too 
small the adsorbate may not diffuse into the adsorbent. 
Therefore, the molecular size of the adsorbent constitutes a 
major limitation ot its application. 92,93 

Pore-size 

distribution 

Due to the relevance of the pore system for both adsorption 
kinetics and adsorption equilibrium, it is interesting to get 
information about the frequency of occurrence of different pore 
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sizes in the considered adsorbent. The adsorbents may have 
multitude of pores with different shapes and sizes. The pores 
allow the transport of the solute molecules, whereas inside the 
micropores adsorption and ion exchange occur.92,93 

Surface 

chemistry 

It is a very important aspect, since may affect the 
adsorbate/adsorbent interaction. The point of zero charge 
(pHpzc) is the pH value at which the negative charges are equal to 
the positive ones, and the net charge of the surface is zero. Such 
parameter is important because helps in understanding the 
adsorption of charged species and the influence of pH on the 
adsorption process.93 

Table 1.4. Adsorbent features definition.  

 

1.6.2. Description of the adsorption process  

Information about adsorption equilibrium data allows the evaluation of the efficiency of removal 

of water pollutants for the better design of the process.  

Although single-solute adsorption is rather an exceptional case than a typical situation in water 

treatment practice, some general aspects of adsorption processes can be explained more clearly 

for the simple case where only one adsorbate should be considered. Furthermore, the 

mathematical models to describe the adsorption equilibrium are generally based on single-solute 

adsorption isotherms. Also, the comparison of the loading capacities of the adsorbents as well as 

the efficiency of these towards pollutants, are enough characterized by the description of single-

solute adsorption.93  

In order to describe the relation between the adsorbate and the adsorbent, adsorption isotherms 

are generally used. The detailed explanation of the different existing models are described in the 

Methodology chapter. 

 

1.6.3. General thermodynamic considerations 

The knowledge of thermodynamic parameters is of great importance in order to develop an 

effective and accurate design model for pollutants removal from water, since they provide 

information about energies associated with adsorption mechanism.  

Negative Gibbs free energy (ΔGads) indicates the spontaneity of the adsorption mechanism and is 

related to enthalpy and entropy of adsorption as follows:93  

0ads ads adsG H T S         Eq. 1.1 
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The value of adsorption enthalpy (ΔHads) is used to identify the nature of adsorption. A positive 

value of ΔHads indicates an endothermic reaction; a negative one means that the adsorption process 

is exothermic. The adsorbate binding on the adsorbent material is controlled basically by the nature 

of the species. Depending on the value of the ΔHads, the adsorption process may be classified as 

physisorption or chemisorption. Physisorption commonly is reversible and rapid, mainly based on 

van der Waals forces, dipole forces, dipole-dipole forces, and dispersion forces as well as induction 

forces, which are usually below 50 kJ mol-1. In contrast, chemisorption relates to a chemical bonding 

between the adsorbent active sites and adsorbate, the interaction forces are much higher and are 

reported to be > 50 kJ mol-1.92,93  

The variation of the adsorption entropy describes the change in the degree of disorder of the 

system.93 Commonly, the particle immobilization on the surface of the adsorbate leads to an 

increase of the order of the system, therefore, the change of the adsorption entropy would be 

expected to be negative (ΔSads < 0). However, it is not an established rule, existing situations where 

more species are desorbed than adsorbed (increasing the disorder of the system), thereby the 

entropy would be positive (ΔSads > 0),93,94 favouring the adsorption process.  

 

1.6.4. Adsorption in water treatment 

Adsorption processes do not add undesirable by-products when are applied for the pollutants 

removal, contrary to other methodologies such as precipitation, which generate a hazardous 

sludge. In addition, adsorption has been found to be better than other techniques for wastewater 

treatment in terms of simplicity of design and operation.91  

The adsorption process of the pollutant agent on the adsorbent material takes place in three steps: 
24,95  

(i) diffusion transport of the pollutant from the bulk solution to the adsorbent particle 

surface 

(ii)  adsorption on the particle surface 

(iii) transport of the pollutant within the adsorbent particles, due to the exchange with the 

structural elements inside, depending on the chemistry of solids, or the transfusion to 

the internal surfaces for porous materials (intra particle diffusion) 

The main aspects to consider when designing a suitable adsorption process to treat a contaminated 

effluent are: 91,96,97  

(i) nature and initial concentration of adsorbate 

(ii) pH of the solution 
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(iii) temperature 

(iv) interfering substances 

(v) surface area of the adsorbent  

(vi) nature and dose of adsorbent 

(vii) cost-effectiveness of the method 

 

To guarantee the efficient wastewater treatment, a wide number of adsorbents have been 

developed. Such materials are either of natural origin or the result of an industrial production 

and/or activation process. The main adsorbents as well as their features are summarized in Figure 

1.8 below:  

 
Figure 1.8. Adsorbent materials classified on the basis of their origin (figure based on the reference93). 

Accordingly, engineered materials seem to be most suitable adsorbents for the treatment of 

contaminated effluents. At present time, the highlights of the development of the adsorption 

treatments are design, synthesis and application of nanoadsorbents.97 

 

1.7. NANOSTRUCTURED ADSORBENT MATERIALS 

1.7.1. A brief overview of Nanotechnology 

Over the last decades, new terms have appeared such as nanoscience, nanotechnology, 

nanomaterials, nanostructures or nanoparticles, and it is because the world has experienced a 
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scientific “nano-revolution”, in which one of the main areas in the current technological and 

scientific evolution is focused on Nanotechnology, involving the development of materials, 

structures and devices in a nanometer scale. 

Up to now, there is not any provided definition from any international entity about the concept of 

nanoscale, which is proposed in some cases by sizes in the range of 1-1000nm98,99, while in other 

descriptions the nanometer scale is within the range 1-100nm.100 However, the size range that 

holds so much interest is typically below 100nm. Therefore, in this work the nanoscale will be 

considered the size within the range from one to few hundreds of nm.  

Although nanotechnology is a recent discipline, the evidence of particular properties on nanometer 

scale is not new at all; it is well known that thousands of years ago, the Chinese used Au 

nanoparticles to red-colour their ceramic porcelains.101 An interesting case is the Lycurgus cup 

(Figure 1.9); created in the time of Romans (4th century), such glass has the particularity that 

change its colour depending upon the light in which it is viewed; being green when the light is 

reflected and turns in red colour when the light comes from inside and is transmitted through the 

glass. This phenomenon is due to the presence of a small quantity of gold and silver nanoparticles 

with diameters about 70nm.102 

  
Figure 1.9. Lycirgus cup with the light reflected (green) and transmitted (red) through the glass.103 

Therefore, what is new is the understanding of atomic scale interactions. Nanoscience and 

Nanotechnology, theoretical and applied science respectively, are based on the study of 

phenomena occurring at the nanoscale and on the called nanomaterials, constituting a new 

scientific domain that has emerged for the design, development and application of nanosized 

materials, achieving the fundamental understanding of the relationship between the properties or 

physical and chemical phenomena and dimensions of materials.98,99,104 

Nanoscience and Nanotechnology involves several disciplines, in particular, chemistry. Then, 

Nanochemistry is understood as the utilization of synthetic chemistry to make nanoscale building 

blocks of different size and shape, composition and surface structure, charge and functionality. 
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These building blocks may be useful in their own right, or form structures that perform an intelligent 

function and portend a particular use.98  

 

1.7.2. Nanostructured materials 

Nanostructured materials (NSMs) are low-dimensional materials comprising building units of a 

submicron or nanoscale size at least in one direction and exhibiting size effects.105,106 In particular, 

such materials present relevant advances in surface effects. When particle size decrease leads to 

an increase in surface particle respect to the same volume of material, therefore the overall surface 

area increases significantly.104  

In the past two decades, hundreds of NSMs have been synthesized; therefore, their classification is 

a necessity. One of the most successful proposals for nanomaterials classifications divides them 

based on their dimension or in that of their components.106 Thereby, four categories have been 

established: 0D, 1D, 2D, and 3D (Figure 1.10).  

All nanoparticles can be built from elementary units (blocks) having lower dimensionality 0D 

(clusters and particles), 1D (nanotubes and nanowires), and 2D (nanoplates and layers). Considering 

this definition of nanomaterial, materials called 3D should not be included in the category of 

nanostructures the, because their dimensions will be higher than 100 nm. However, 3D structures 

may be considered as nanomaterials if they involve the 0D, 1D, and 2D nanoparticles in their 

structure.106  

 
Figure 1.10. Representation of hierarchical materials; 0D-3D (Zero-dimensional (A), one-dimensional (B), two-
dimensional (C) and three-dimensional (D) NSMs for advanced electrochemical energy devices). (0D: 
nanoparticles arrays, 1D: nanoribbons, 2D: branched structures, 3D: nanoflowers).105 
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1.7.3. Nanotechnology applied to wastewater treatment 

The advances in nanotechnology may also be applied in wastewater treatments, offering large 

opportunities in the development of water supply systems. Nanotechnology offers an improvement 

of treatment efficiency as well as an increase in water supply through safe use of unconventional 

water sources.100 The extraordinary properties of nanoscale materials, such as high surface area, 

photosensitivity, catalytic and antimicrobial activity, electrochemical, optical, and magnetic 

properties, and tunable pore size and surface chemistry, provide useful features for many 

applications.107  

 
Figure 1.11. Nanotechnology applications for wastewater treatment.107 

As mentioned above, adsorption is a widespread methodology used to remove pollutants from 

wastewaters. However, the efficiency of conventional materials are limited by the surface area or 

active sites, the lack of selectivity, and the adsorption kinetics.100 

NSMs present significant improvements (Figure 1.11) confronted to conventional adsorbent 

materials with their extremely high specific surface area and associated sorption sites, short 

intraparticle diffusion distance, and adjustable pore size and surface chemistry.100,107  

The high surface area that NSMs present is the mainly responsible of their high adsorption capacity. 

Furthermore, the high surface energy and size dependent surface structure at the nanoscale may 

create highly active adsorption sites, resulting in higher surface-area-normalized adsorption 

capacity. The surface of these materials can be functionalized to target specific contaminants 

achieving high selectivity.107  

 

1.8. CASES OF STUDY 

In this thesis, the research has been focused in the synthesis of NSMs and the study of their 

application for pollutants adsorption from aqueous media. In the first part, alumina-based material 
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has been used for fluoride removal, while the successive part is focused on the HM adsorption by 

functionalized magnetic nanoparticles.  

 

1.8.1. Adsorbent materials for fluoride removal  

The development of efficient adsorbent materials for fluoride removal from water is an aim of 

critical importance. Several adsorbent materials have been tasted for the purpose of an effective 

defluoridation, such as alumina (Al2O3)82,108–111, biosorbents83,112–114, clays115,116 and composite 

materials.117–120  

However, most of the fluoride adsorption methods are not able to reach the concentration 

requested by international regulations (1.5mg L-1),5 thus the optimization of materials for water 

defluoridation is still a challenge.  

Among the wide range of materials used for fluoride adsorption, alumina is one of the most popular 

and widely used material. This adsorbent material, due to the high surface area and porosity, its 

stability in water without shrinking, swelling or softening,121 and, for its low solubility in a wide range 

of pH,122 is one of the most effective materials for fluoride adsorption from aqueous medium. 

 

1.8.1.1. Mesoporous materials 

According to the IUPAC classification,123 the porous of the solids may be classified in three 

categories depending on the pore diameter: microporous (d < 2nm), mesoporous (2nm < d < 50nm) 

and macroporous (d > 50nm). 

Mesoporous alumina-based materials have attracted especial attention due to their favourable 

physicochemical properties such as high surface area, large pore volume.101,124  

Mesoporosity not only favours the dispersion but also increases the amount of accessible active 

site and enhances the diffusion of reactant and product molecules,124 thus mesoporous alumina 

has been regarded as a promising adsorbent material for pollutants removal from wastewaters, 

including HM,125,126 organic dyes,127–129 inorganic anions,130–132 or rare earth elements.133 

 

1.8.1.2. Hierarchical materials  

In the recent years, much interest has been devoted to hierarchical structured metal oxides. Such 

materials exhibit structure on more than one length scale,98,134 where primary building blocks 

associate into more complex secondary structures that are integrated into the next size level in the 

hierarchy, as shown in Figure 1.12.135 
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Figure 1.12. SEM micrographs of three different magnifications of a hierarchical material structure. 

These hierarchical constructions may exhibit unique properties that are not found in the individual 

components and have been widely investigated in several fields from adsorption,134,136drug 

delivery137 and catalysis138 to sensors139 and electronic conversion storage.140  

Among the abundant hierarchical metal oxides developed for the applications abovementioned, 

alumina-based hierarchical structures have received a special attention because of its low cost, 

natural abundance and eco-friendly properties.136 

 

1.8.2. Adsorbent materials for heavy metals removal from water 

Nowadays, the high toxicity of HM and their accumulation in the organisms prompted the 

development and implementation of methodologies for the efficient removal of these undesirable 

metals from aqueous systems. 

As mentioned above, adsorption is recognized as an effective and economic method to remove HM 

from effluents. Among the several adsorbent materials existing, nanosized metal oxides are 

classified as promising materials for HM removal from wastewaters,141 being capable to bind with 

metal ions in solution. In particular, iron oxides have received special attention for their magnetic 

properties and low toxicity.142,143 Nanosized ferric oxides may be used to the decontaminate water 

with negligible risks of secondary contamination, since elemental form of iron is environmentally 

friendly,141,144and easily removed by magnetic separation from aqueous media. In addition, iron is 

one of the widespread elements in the earth and easily accessible,141 rendering the material a low-

cost adsorbent which is a requisite for wastewaters treatment.  

Several studies about the use of nanosized ferric oxides for HM removal from aqueous systems are 

reported in the literature. The widely studied forms are goethite (α-FeOOH), hematite (α-Fe2O3), 

amorphous hydrous Fe oxides, maghemite (ɣ-Fe2O3), magnetite (Fe3O4) and iron/iron oxide 

(Fe@FexOy).141 At nanoscale, these iron oxides are potentially highly efficient for binding metal ions 

in comparison with the same oxides at macroscale. 

The main iron oxides, which are of particular interest, include hematite (α-Fe2O3), amorphous 

hydrous iron oxides, maghemite (ɣ-Fe2O3) and magnetite (Fe3O4).  
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1.8.2.1. Special Features of Magnetic Nanoparticles 

Magnetic materials have played an important role in the quotidian life since thousands of years. 

Nowadays, such materials are used in a variety of applications that range from microelectronic 

devices to motors and power distribution systems.145 Magnetic materials are attractive adsorbents 

for water purification, as they combine adsorption process with magnetic separation.146  

Materials can be classified into diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and 

antiferromagnetic according to the arrangement of their  magnetic dipoles in the absence and 

presence of an external magnetic field.145 Figure 1.13 shows an schematic representation of the 

different types of magnetic dipoles, which are described in Table 1.5. 

 
Figure 1.13. Schematic illustration of magnetic dipoles for five different types of materials in absence or 
presence of an external magnetic field (H).145 

When the size of the magnetic particles is reduced to a few nanometers, they become 

superparamagnetic. Superparamagnetism is the phenomenon when thermal energy is enough to 

overcome the magnetic coupling forces, causing the atomic magnet moments to fluctuate 

randomly.148 When an external magnetic field is applied, the particles acquire magnetization, but 

in the absence of that, the magnetization disappears being zero in average.148  
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Types of 
magnetism Description 

Diamagnetism It is a property of such materials, which present weakly repulsive induced 
dipoles in the presence of an external magnetic field.145,147  

Paramagnetism The material has randomly oriented dipoles that can be (partial) aligned 
with an external field. Such substances present weakly attractive interaction 
toward a magnetic pole. Each atom, ion or molecule of a paramagnetic 
substance, can be visualized as a small magnet with its own inherent 
magnetic moment.145,147  

Ferro-, Ferri- & 

Antimagnetism 

For a ferromagnetic material, the magnetic dipoles always exist in the 
absence and presence of an external field and exhibit long-range order. 
Macroscopically, such a material displays a permanent magnetic moment. 
The difference in the source of the net magnetic moment can also be used 
to distinguish ferromagnetism from both ferrimagnetism and 
antiferromagnetism. In a ferrimagnetic material there are always weaker 
magnetic dipoles aligned antiparallel to the adjacent, stronger dipoles in the 
absence of an external magnetic field. For an  antiferromagnetic material, 
the adjacent dipoles are antiparallel in the absence of an external field and 
cancel each other. In general, magnetic materials are refereed to those 
characterized by either ferro- or ferrimagnetic features.145  

Table 1.5. Description of the different types of magnetism. 

 

1.8.2.2. Super Paramagnetic Iron Oxide Nanoparticles (Fe3O4): 

In the last decades, much effort has been devoted to the synthesis of magnetic nanoparticles. The 

most used methods include co-precipitation, thermal decomposition and/or reduction, micelle 

synthesis, hydrothermal synthesis and laser pyrolysis techniques. A few definition of the method, 

as well as the advantages and advantages of each methodology are described in the Table 1.6.  

In this work, the chosen methodology for Fe3O4 nanoparticles synthesis was the co-precipitation 

method, due to its simplicity  as well as the rapidity. The details of the synthesis are explained in 

the Methodology chapter. 

The superparamagnetic nanoparticles are very attractive for a wide range of applications. However, 

the particles in this size present some problems, such as the intrinsic instability over long periods 

in which the nanosized particles tend to form agglomerates to reduce the energy associated with 

the high surface area respect the small volume. Furthermore, the naked particles are chemically 

high active, therefore are easily oxidized in air conditions resulting in the loss of magnetism and 

dispersibility.143  
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Co-precipitation143 
Addition of a base in a Fe3+/Fe2+ salts solution under inert atmosphere at room temperature 
or at elevated temperature 

Advantages Disadvantages 
Facile and quick synthesis Difficult to control of the particle size and 

thus achieve a narrow particle size 
distribution. In addition, presents problems 
of oxidation and aggregation. 

Thermal decomposition143,149  
Thermal decomposition of organometallic precursors (iron acetylacetonate, iron 
cupferronates or carbonyls) in high boiling organic solvents containing stabilizing 
surfactants. 
Advantages Disadvantages 
High crystallinity, therefore high quality of 
magnetic nanoparticles. 

Toxicity of the solvents, ligands and 
precursors and long reaction time. 

Microemulsion143,150  
It is a thermodynamically stable dispersion of two relatively immiscible liquids stabilized by 
surfactant molecules. Iron precursors may precipitate as iron oxide in the water phase 
located in the centre of the micelles, the size of which depends on the molar ratio of water 
surfactant. 
Advantages Disadvantages 
Size and shape control. Easy to be scaled up 
to an industrial level 

Particles less cristallyne and more 
polydispersed because of the slow 
nucleation rate. In addition, it requires large 
amounts of solvents. 

Hydrothermal synthesis143,150  
Iron precursors in aqueous medium are heated at high temperature and autogenous 
pressure. 
Advantages Disadvantages 
Uniform size an easily to scaled up. Long reaction time. 

Table 1.6. Description of different SPION synthesis.  

 

1.8.2.3. Functionalization of nanoparticles  

It is very important to develop protection strategies to stabilize the magnetic nanoparticles against 

their degradation. To avoid that, the nanoparticles are coated with organic species or inorganic 

layers. Among all the existing routes for surface modification, such as ligand addition,151 inorganic 

surface coating,152,153 or ligand exchange154, ligand addition and ligand exchange have been selected 

in this thesis for its simplicity and no need of a great quantity of reactants.  

Moreover, the core-shell not only stabilizes the particles but, in many cases, is also used for 

functionalization of the adsorbent material for the desired application.86,143 Therefore, if the surface 
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of magnetite is coated with an appropriate compound, the removal of hazardous compounds will 

be enhanced enabling the magnetic separation of the adsorbent from aqueous media.  

According to Pearson’s hard soft acid-base theory (HSAB),155 soft bases such as –SH or –RSR– have 

excellent affinity towards several HM ions (considered soft acids), as a result of Lewis acid-base 

interactions. In this work, the adsorption capacity of iron oxide (Fe3O4) NP functionalized with –SH 

or –RSR– groups towards some HM including, Pb(II), Hg(II), Cd(II) and Cr(VI) has been investigated. 

Although Cr(VI) is considered as a hard acid and sulphur a soft base, the equilibrium constants for 

the formation of Cr(VI) thioesters is significantly high.151 Hence, other sulphur containing groups 

could be effective ligands also for Cr(VI). 

Moreover, based on the HSAB theory,155 functional groups containing sulphur and nitrogen donor 

atoms are highly selective towards PM such as Ag and Pt. Therefore, magnetic NP functionalized 

with –SH or –RSR– prepared for HM adsorption may be also applied to recover Ag(I) and Pt(IV) in 

order to test an efficient separation and recovery of PM minimizing the production of secondary 

waste. 

Several acid, silane, and diol head groups have been shown to have an interaction with the iron 

oxide surface. Among these, the carboxylate containing ligand seems to be the most useful anchor 

group, generating a  wide range of magnetic sorbents containing a great variety of functional 

groups of  interest.156  

Attending this, 3-mercaptopropionic acid (3-MPA) and 3,3ʹ-thiodipropionic acid (3,3-TDPA), 

represented in Figure 1.14, have been selected as promising ligands for surface coating of 

magnetite nanoparticles. Both ligands, contains a carboxyl group, which facilitates the coating with 

iron oxide due to the high affinity of the carboxyl group towards iron. Then, the –SH or –RSR– 

remain free to complex the toxic metal ions.  

            
Figure 1.14. Selected ligands for SPION functionalization; 3-MPA (A) and 3,3-TDPA (B). 

Following the Pearson's concept, several parameters have been developed with the aim to quantify 

accurately such model. In 1967, Misono157 presented a new parameter scale called Misono softness 

parameter (Y) described in Eq. 1.2,158 providing a quantitative measure of the tendency of a metal 

cation to be polarizable and enter into covalent bonding.  

1

10 z

z

I RY
Z I 

      Eq. 1.2 

where R is the ionic radius of a metal cation whose valence is Z and whose ionization potential is Iz. 
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Therefore, such parameter (Y) may be used to quantify the classification of hard-soft Lewis acids, 

allowing the prediction of how functional groups should bind metal ions. 
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1.9. OBJECTIVES 

Considering the premises the aim of this thesis is to characterize the interactions between water 

pollutants with nanostructured systems to provide a basic knowledge of the adsorption processes 

by characterizing them in terms of loading capacity ant thermodynamic parameters. 

 FLUORIDE REMOVAL BY HIERARCHICAL ALUMINA MICROSPHERES  

In this concern, one of the main issues of this work is to study fluoride adsorption by high surface 

hierarchical alumina microspheres HAM and characterize the adsorption process in terms of 

loading capacity and thermodynamics. The principle points of this section are described below: 

- Study and optimization of HAM synthesis by microwave treatment. 

- Full characterization of the adsorbent material using a wide range of techniques explained in 

the methodology chapter. 

- Perform potentiometric experiments to describe the kinetics of the F- adsorption process and 

to determine the loading capacity of the synthesized materials.  

- Determination of the adsorption enthalpy by using a unique, novel experimental approach, 

which combines potentiometry and ITC, with the aim to provide more accurate and robust 

thermodynamic parameters.  

 

 METAL IONS REMOVAL WITH SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLES 

FUNCTIONALIZED WITH SULPHUR CONTAINING LIGANDS  

The next fundamental objective of this work is to characterize the adsorption process of HM (Pb(II), 

Cr(VI), Hg(II) and Cd(II)) and PM (Ag(I) and Pt(IV)) on functionalized magnetic nanoparticles using 

the novel ITC experimental approach. In addition, ITC can also distinguish the specificity of 

functionalities eventually added to the surface of nanoparticles towards the HM and PM 

adsorption. 

- Study of the synthesis and functionalization of the coated superparamagnetic iron oxide 

nanoparticles (SPION). 

- Full characterization of the synthesized material by several techniques that are full explained 

in the methodology chapter. 

- Analysis of ITC data to gain information of specificity of functionalities eventually added to the 

surface of nanoparticles, towards metal ions adsorption.  
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- Develop adsorption experiments in batch conditions to determine the adsorption efficiency of 

the modified SPION towards the different metal ions selected. 

- Determination of the adsorption enthalpy by using a combination of ITC and ICP-OES, providing 

accurate thermodynamic values.  
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2. METHODOLOGY 

 

The aim of this chapter is to present the different techniques used to perform the synthesis and 

characterization of the materials prepared in this work; hierarchical alumina microspheres and 

functionalized magnetic nanoparticles, as well as the analytical methods used. The equipment 

conditions and subsequently, the models used in the interpretation of results are explained.  

 

2.1. SYNTHESIS OF HAM BY AN ANALITYC MICROWAVE 

Two types of HAM were synthesized by an analytic microwave CEM MARS 5 (Figure 2.2), following 

the procedure described in literature1–3  with some modifications as described in Figure 2.1.  

 

 

Figure 2.1. Experimental procedure of HAM synthesis. 

Microwave radiation has many applications for many laboratory processes. Digestion of samples by 

microwave systems is one of the most important applications of such instrument in laboratories. 

Al2(SO4)3 + urea dissolved 
in distilled water

heated in a microwave at 
180 °C

pH adjusted   ̴9

washed with hot distilled 
water

dried in an oven at 80 °C

calcinated in a muffle 
furnace at 600 °C
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However, in this case the microwave irradiation has been used for the hydrothermal precipitation 

of HAM.  

The microwave system produces radiation by microwave energy, in which the sample, in polar or 

ionic solutions, rises its temperature rapidly and at elevate pressures. The instrument consists in a 

microwave power system with user selectable power settings (0-1000W). The interior of the oven 

is coated with a fluoropolymer, it has a cavity exhaust fan and tubing to vent fumes.4  

 

Figure 2.2. The CEM Mars 5 microwave representation and its specifications. 

The turntable within the microwave has the capacity to contain 12 microwave vessels, and rotates 

the samples 355 degrees and reverses 8.5 times per minute to ensure the vessel heating.  The 

reaction vessels are made by PFA (Perfluoroalkoxy), extremely resistant to pressure and 

temperature and chemically inert. One of the vessels (specialized vessel) is able to monitor 

temperature and pressure inside itself by a programmable microcomputer.4 All the reaction vessels 

possess a security valve escape in order to avoid extremely high pressures. The Mars 5 possess a 

door safety interlock system which prevents microwave emissions when the door is open. 

In a typical synthesis, a solution 0.05M in aluminum sulfate and 0.1M in urea was prepared in 100 

mL of distilled water and then stirred thoroughly during 15 minutes. Then 35mL of the prepared 

solution were added in a Teflon-PFA reaction vessel of 100 mL capacity and then placed on the 

turntable for uniform heating using a microwave digestion system. The microwave treatment was 

conducted in a temperature-controlled mode at 180 °C by non-pulse heating time for 3min (type 

A) or 20min (type B), using 2.45GHz microwave radiation under power range of 0–1000W (using 

the maximum power). Afterwards the sample was left for cooling until ambient temperature was 

reached. The pH of the resultant solution was adjusted at   ̴9 with NaOH. The synthesized material 

was then collected by centrifugation and washed with hot distilled water and ethanol several times. 

The precipitate was dried in an oven at 80°C for 12h. In order to convert the resulting ɣ-AlOOH 



Chapter 2 

42 
 

obtained in this synthesis into Al2O3, the powder was calcinated in a muffle furnace at  

600 °C for 2h.  

Since the formation of the hierarchical architecture and their properties are strongly dependent on  

the experimental conditions, including reaction time, reaction temperature, concentrations of the 

reactants and aluminium salt used as a reactant, several variations on the synthesis have been 

performed with the aim to achieve the hierarchical microspheres with the minimum size. The 

variations carried out in the synthesis are shown in Figure 2.3. 

 

Figure 2.3. Variations carried out on the classical synthesis with 3min of microwave heating. 

 

2.2. SYNTHESIS OF SPION 

Iron oxide nanoparticles were synthesized by a co-precipitated method, presented in Figure 2.4, as 

described elsewhere.5,6 The formation of the particles follows the equation showed as follows (Eq. 

2.1) 

2 3 4 3 4 4 22 8 ( ) 8 4FeCl FeCl NH OH Fe O colloid NH Cl H O       Eq. 2.1 

CHANGES ON THE 
CLASSICAL 

SYNTHESIS WITH 
3MIN OF 

MICROWAVE 
HEATING 

TREATMENT

EXCESS OF UREA 
•increasing 5 times

the concentration of
urea

Al(NO3)3 AS 
ALUMINUM SALT

•changing aluminum 
sulfate for aluminum 
nitrate as a reactant

HEATING CYCLES 
•heating the sample 

15 seconds 12 times 
with intervals of 1 
minute)

VARIING THE 
VOLUME 

•adding half volume 
in the reaction 
vessels

ADDING PVP 
•adding PVP 1% in 

the solution)

HIGHER 
TEMPERATURE 

•increasing the 
heating temperature 
to 200ºC)

HIGHER INITIAL pH 
•changing the initial 

pH  ̴3.5 to pH  ̴11)
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Figure 2.4. Scheme of the procedure of SPION synthesis. 

300mL of a stock solution of NH4OH 0.7M were deoxygenated under nitrogen gas with vigorous 

magnetically stirring and heated at 70 °C, as it is shown in Figure 2.5-A. The stock solution of Fe(III) 

and Fe(II) was prepared dissolving the respective chloride salts (Fe(II) : Fe(III) in a molar ratio 1 : 2) 

in a deoxygenated HCl 0.2M and then added to the NH4OH. The solution turns in to black 

immediately, as shown in Figure 2.5-B. The particles were aged during 45 min and then cooled to 

room temperature with a water bath. The nanoparticles were collected by a magnetic separation 

and then washed several times with deoxygenated distilled water until neutral pH. The synthesized 

magnetite was then dispersed in a 0.01M TMAOH (tetramethylammonium hydroxide) aqueous 

solution previously deoxygenated. The synthesis was carried out in a continuous N2 bubbling, in 

order to avoid the oxidation of Fe(II) into Fe(III) and the formation of undesirable iron oxides as 

maghemite or ferrihydrite.  

NH4OH 0.7M

stirred at 80°C under N2
atmosphere

addition of FeCl3·6H2O + FeCl2·4H2O 
in deoxigenated HCl 0.2M

washed with deoxigenated distilled 
water

eedispersed in deoxigenated 
TMAOH 0.01M 
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Figure 2.5. Fe3O4 synthesis by co-precipitation method. A: NH4OH deoxygenated and heated, B: magnetite 
formation after ferric and ferrous solution addition.  

 

2.2.1. SPION FUNCTIONALIZATION  

The synthesized SPION have been functionalized following two different procedures; ligand 

addition and ligand exchange as explained below: 

 Ligand addition: A known amount of the synthesized material was suspended in water acidified 

with HNO3. The pHpzc of the SPION is 6.87, therefore the pH of the SPION containing solution 

has been adjusted to pH 2.0, in order to have the SPION surface charged positively. In the case 

of the functionalization with 3-MPA, the published methodology has been followed,6 where 

10mL of SPION suspension, with a known amount of the synthesized material, has been mixed 

with a solution of the 3-MPA 150 mM in toluene during 24h.  

For 3,3-TDPA coating, it was not possible to use toluene as a solvent, since the ligand is not 

soluble in that, thus, a mixture of acetone and toluene (1:2) has been used instead of toluene. 

Then, the 3,3-TDPA solution 150mM in acetone-toluene has been mixed with the SPION 

suspension during 24h.  
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After the mixing time, the coated SPION were separated by using a magnetic field and then 

washed several times with ethanol, in order to remove the remaining ligand deposited on 

SPION surface. Then, the obtained material has been dried in a vacuum oven.  

 

 Ligand exchange: A known amount of lauric acid (LA) was added to a SPION solution (molar 

ratio of LA:SPION being 3:2) , before SPION washing and redispersion in TMAOH (last step in 

Fig. 2.4). After 30min mixing, the SPION coated with LA (SPION@LA) were precipitated in 

ethanol and then washed several times with toluene and ethanol, to eliminate the LA in excess. 
8,9 SPION@LA have been dispersed in 20mL of toluene, then 20mL of ethanol with the desired 

ligand 150mM were added to the suspension and mixed 24h.10 Once expired the reaction time, 

the coated nanoparticles have been washed with ethanol and distilled water several times 

before drying in an oven under vacuum conditions. 

 

2.3. MATERIALS CHARACTERIZATION  

The characterization techniques are essential issues for the development of new materials, allowing 

to determine their physicochemical proprieties and therefore understood their behaviour in 

practical applications. Nowadays a wide number of methods exist to describe the properties of such 

materials.  

In order to provide a major knowledge about the potential applications of the NSMs, the 

synthesized materials have been characterized with the following methodologies: 

 Scanning Electron Microscopy  

Scanning Electron Microscope (SEM) provides a high-resolution image of the surface morphology 

of the sample (Figure 2.6). This is one of the most versatile instruments available for the 

examination and analysis of microstructure morphology as well as the characterization of chemical 

compositions, thanks to the combination of high magnification, large depth of focus, good 

resolution, and the ease of observations. SEM images are obtained by the signal produced from the 

electron beam and specimen interactions, by scanning an electron probe across the surface and 

monitoring the secondary electrons emitted. Those are produced when an incident electron excites 

an electron in the sample giving some of its energy in the process, resulting in the emission of these 

secondary electrons. Then, these are collected by a detector and converted to an image.11,12  
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Figure 2.6. Schematic diagram of a SEM set-up.12 

An ultra-high vacuum system is indispensable for SEMs in order to avoid the scattering on the 

electron beam and the contamination of the electron guns and other components. 11,12  

SEM technique has been employed in this work to obtain a topography image of the nanostructured 

adsorbent materials synthesized (HAM and SPION). SEM images were performed in the Servei de 

Microscopia of the Universitat Autònoma de Barcelona, by a MERLIN FE-SEM (Figure 2.7), ZEISS 

with the detector EDS Oxford LINCA X-Max and EBSD analysis Oxford Nordlys II (Carl Zeiss 

Microscopy, LLC., Germany). 

 
Figure 2.7. Image of the SEM instrument and its main specifications.13 

The core of MERLIN is the GEMINI II column which, with its double condenser system, achieves an 

image resolution of 0.8 nanometers at 15kV, or 1.4nm at 1kV. A sample current of up to 100nA is 

available for analytical purposes such as energy dispersive X-ray spectroscopy (EDS) and diffraction 

analysis of backscattered electrons (EBSD).13  
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 Transmission Electron Microscopy   

Transmission Electron Microscope (TEM) is a powerful tool in material science, providing an image 

of shape and dimensions of the nanostructured material. It is based on the generation of a high 

energy electrons beam (100-200keV) which is focused through a very thin sample interacting with 

it. Certain parts of the irradiated beam are transmitted through the sample creating the TEM image 

by the elastic and inelastic scattered electrons that traverse the sample. The interactions between 

the electrons and the atoms of the sample gives the structure features of the material of analysis. 

TEM operates on the same basic principles as the light microscope but uses electrons instead of 

light. Because the wavelength of electrons is much smaller than that of light, the optimal resolution 

attainable for TEM images is many orders of magnitude better than that from a light microscope. 

Thus, it can reveal the finest details of internal structure.14  

The instrument requires to work under vacuum conditions, and the sample must be thin enough 

to transmit sufficient electrons to form an image with minimum energy loss. Therefore, the 

preparation of the sample is an important aspect of the TEM analysis. Different procedures can be 

followed to prepare it: for the nanostructures studied in this thesis, a suspension has been prepared 

in organic solvent (EtOH) and then a small doplet has been deposited and dried on a copper grid 

special for TEM analysis.  

In the present work, TEM was used to characterize the detailed morphology of the synthesized 

adsorbent materials, both HAM and coated SPION, providing a high-resolution image of them. TEM 

micrographs were carried out in the Servei de Microscopía of the Universtitat Autònoma de 

Barcelona by a JEM-2011 (Figure 2.8), with a resolution of 0.18nm at 200kV, with an accelerating 

voltage of 80–200kV and equipped with a camera CCD GATAN 895 USC 4000 and a detector EDS 

Oxford LINCA with energy resolution of 136eV (Jeol Ltd., Japan).   

 
Figure 2.8. TEM equipment image and summary of its specifications.15 
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The high resolution offered by TEM is ideal to analyse the quality, shape, size of NMs. TEM can also 

be used for a wide range of purposes, including the study of the layers growth, their composition, 

or the chemical analysis of the sample and allows to visually measure the particle diameter and 

therefore calculate the average particle size.  

 X-ray diffraction  

X-ray diffraction (XRD) has become an indispensable tool for identifying nanocrystalline phases as 

well as crystal size and crystal strain. It is a crystallographic technique used for identifying and 

quantifying various crystalline phases present in solid materials and powders as well as chemical 

composition, crystal structure, crystallite size, strain, preferred orientation and layer thickness. XRD 

monitors the diffraction of X-rays after they interact with the electrons in the atoms of the sample; 

the X-rays are reflected, and in most cases the waves interfere between them being cancelled. 

However, when a regular crystalline sample is concerned, a proportion of waves are reinforced 

forming a constructive interference which is known as diffraction. Such diffraction holds 

information about the electron distribution in the material producing a characteristic pattern12,16 

of the crystal structure and  only occurs when incident angles fulfil the Bragg condition represented 

in Eq. 2.2:12  

2 sinn d      Eq. 2.2 

By varying the angle θ, the Bragg Law condition is satisfied for different d-spacing in polycrystalline 

materials (Figure 2.9). Plotting the angular positions versus intensities produces a diffraction   

pattern, which is characteristic of the sample. When a mixture of different phases is present, the 

resultant diffractogram is a superposition of the individual patterns.12  

 
Figure 2.9. Representation of condition for constructive interference.12 

In a typical XRD pattern, the diffracted intensities are plotted versus the detector angle 2θ. Then, 

the crystal phases may be identified by comparison of the obtained patterns with those of 

reference, found in internationally recognized databases (such as Joint Committee on Powder 

Diffraction Standards database – JCPDS). 
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 A useful phenomenon is that as crystallite dimensions enter the nanoscale the peaks broaden with 

decreasing crystal size. The widths of the diffraction peaks allow the determination of crystalline 

size, by using variants of the Scherrer equation12 (Eq. 2.3):  

cos
Kt

B



       Eq. 2.3 

where t is the thickness of the crystal, K is the Scherrer constant which depends on the crystallite 

shape, λ is the radiation wavelength used to obtain the diffractogram and B is the full width at half 

maximum of the broadened peak. If a Gaussian function is used to describe the broadened peak, 

then the Scherrer’s constant K is equal to 0.89. The Scherrer equation is derived from Bragg’s law 

and may be used to determine crystallite sizes if the crystals are smaller than  

1000Å.12 

Both synthesized materials have been analized by XRD; HAM were analysed in the Università degli 

Studi di Udine, while SPION analysis were performed at the Universitat Autònoma de Barcelona. 

The crystal structure of the alumina based adsorbent (HAM) was determined using a Philips PW 

3040/60 X’pert PRO instrument (Figure 2.10) ,equipped with an X'celerator detector and operating 

at 40 kV and 40 mA, with Ni-filtered Cu Kα radiation. Diffraction profiles were collected in the 

2θ range of 5–100° with a step of 0.02 and a counting time of 15 s/step. 

   
Figure 2.10. Image and specifications of XRD instrument.  

Phase identification was carried out by means of the X'Pert accompanying software program 

PANalytical High Score Plus in conjunction with the JCPDS Database.  

The crystallographic phase determination was also undertaken for SPION by analyzing the XRD of 

the powder, performed by a X-Pert Philips diffractometer (Figure 2.11), using a monochromatized 

X-ray beam, operating at 45 kV and 40 mA with nickel-filtered Cu Kα radiation. The diffractograms 

were collected in the the 2θ range of 15–100° with a step of 0.02 and a counting time of 15 s/step. 
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Figure 2.11. Image and details of XRD instrument available in the UAB.17 

 N2 adsorption isotherms  

The way of adsorption of pure fluids on planar surfaces and porous materials depends on the 

interplay between the strenght of fluid-wall and fluid-fluid interactions as well as the effects of 

confined pore space on the state and thermodynamic stability of fluids confined to narrow pores. 

The IUPAC proposed to classify pores by their internal pore width (defined as the diameter in cas 

of a cylindrical pore and as the distance between opposite wealls in case of a slit pore):18 

i) Micropore: pore of internal width less than 2nm 

ii) Mesopore: pore of internal width between 2 and 50nm 

iii) Macropore: pore of internal width greater than 50nm  

The sorption behaviour in macropores (considered as nearly planar surfaces) is completely different 

from that mesoporous or microporous, as represented in Figure 2.12. 

 
Figure 2.12. Schematic illustration of adsorption potential (Ꜫ) on a planar (a); mesoporous (b); and 
microporous (c).18 
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The representation of the amount adsorbed versus the relative pressure of the gas at constant 

temperature is called adsorption isotherm. The existence and particular characteristics, has allowed 

their classification into six different types, published by IUPAC in 1985.19 However, during the past 

of the years new characteristic isotherms have been identified and present a relation to particular 

pore structures.20 Therefore, the original IUPAC physisoprtion isotherm classifications have been 

refined, the updated classification isotherms is shown in Figure 2.13. 

 
Figure 2.13. Classification of physisoprtion isotherms.20 

Below are summarized the characteristics of each type of isotherm:20 

Type I: The reversible Type I isotherm is called Langmuir isotherm, and it is characteristic of 

microporous solids having small external surfaces. The volume of gas adsorbed is limited by the 

accessibility of micropores. Type I(a) isotherms are given by microporous materials having mainly 

narrow micropores (of width < ∼ 1nm); Type I(b) isotherms are found with materials having pore 

size distributions over a broader range including wider micropores and possibly narrow mesopores 

(< ∼ 2.5nm). 

Type II: Reversible Type II isotherms are given by nonporous or macroporous adsorbents. Its 

characteristic shape is the result of a monolayer-multilayer adsorption without restrictions. A more 
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gradual curvature (Point B) is an indication of a significant amount of overlap of monolayer 

coverage and the onset of multilayer adsorption. 

Type III: This isotherm has a convex shape and there is no Point B and therefore no identifiable 

monolayer formation. This type of isotherm is rare and characteristic of systems in which the 

adsorbent-adsorbate interactions are relatively weak and the adsorbed molecules are clustered 

around the most favourable sites on the surface of a nonporous or macroporous solid. 

Type IV: Isotherms characteristic of mesoporous adsorbents. The adsorption behaviour in 

mesopores is determined by the adsorbent-adsorptive interactions and also by the interactions 

between the molecules in the condensed state. The initial monolayer-multilayer adsorption on the 

mesopore walls is followed by pore condensation. A typical feature of Type IV isotherms is a final 

saturation plateau, of variable length (sometimes reduced to a mere inflexion point).  In Type IV(a), 

the capillary condensation is accompanied by hysteresis while in Type IV(b) completely reversible 

isotherms are observed.  

Type V: The isotherm shape is correlated with Type III. This similitude is attributed to the weak 

interactions of adsorbent-adsorbate. Type V isotherms are observed for water adsorption on 

hydrophobic microporous and mesoporous adsorbents. 

Type VI: The reversible stepwise isotherm is characteristic of layer-by-layer adsorption on a uniform 

non-porous surface. The height of each stage represents the capacity for each adsorbed layer, while 

the sharpness is depends of the system and temperature. 

Brunauer–Emmett–Teller theory 

N2 adsorption at -196ºC is a widely used technique to determine the Brunauer–Emmett–Teller 

(BET) surface area. BET method21,22 is one of the most widely used methods for evaluating the 

surface area of porous materials. Indeed, under certain carefully controlled conditions, the BET-

area of a nonporous, macroporous or a mesoporous solid can be regarded as the “probe accessible 

area” (i.e., the effective area available for the adsorption of the specified adsorptive).20  

The effectiveness of the BET theory is that it enables an experimental determination of the number 

of molecules required to form a monolayer, despite the fact that exactly one monomolecular layer 

is never actually formed.23  

The sample first need to be degassed to remove the surface contamination and adsorbed species. 

In the analysis performed in this work the samples have been degassed by vacuum and heating. 

Then, a probe gas (generally N2) is introduced at cryogenic temperatures; known aliquots are dosed 

up to saturation pressure, then vacuum is applied and the gas removed, which may result in 
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hysteresis behaviour. The instrument measures the relative pressure and quantity of gas adsorbed, 

providing an adsorption isotherm which varies depending on the porosity and characteristic 

textures of the material. Textural characteristics of all fresh samples were measured according to 

the BET equation23 (Eq. 2.4)  
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   Eq. 2.4 

Where P is the pressure, P0 is the saturation pressure, W is the number of moles adsorbed, Wm is 

the number of moles adsrobed in the monolayer and C is a parameter related to the heat of 

adsorption.  

The determination of surface areas from BET theory is a straight forward applicaition of the  

Eq. 2.4. A plot of 1/W[(P0/P)-1] versus P0/P, will yield a straight line usually in the range 0.05≤ P0/P 

≤ 0.35.23 

Wm and C may be found resolving simoltaneously the equations of the slope (s) and the interception 

(i), Eq. 2.5 and Eq. 2.6 respectively:23 
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      Eq. 2.5 
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      Eq. 2.6 

From the value Wm, the total surface area can be calculated by the following Eq. 2.7: 

21· · ·10m m aS n a N      Eq. 2.7 

where S is the apparent surface area of the material (m2g-1), am is the area occupied by one 

adsorbate molecule (nm2 molecules-1; in the case of N2 at -196°C is 0.162nm2) and Na is the 

Avogadro’s number (6.023·1023 molecules mol-1). 

Barrett–Joyner–Halenda equation 

The Kelvin equation arises from the fact that gas adsorption into pores is a capillary condensation 

phenomenon involving the formation of a meniscus of liquid inside the pore. The difference of 

pressure between both sides of the meniscus can be evaluated from the Kelvin equation24 (Eq. 2.8), 

which relates the pore size with the amount obtained gas adsorbed at a certain relative pressure. 

It provides the relationship between the pore radius and the amount of adsorption at a relative 

pressure.24  
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      Eq. 2.8 

where P0 = the saturation pressure of the adsorbate (corresponding to an infinite rm), ɣ = liquid 

surface tension, Vl = molar volume of the liquid, T = temperature, rm = radius of curvature of the 

meniscus of liquid formed in the pore. 

Several methods have been developed for the calculation of the pore size distribution on the basis 

of the Kelvin equation with a correction term for the thickness of the multilayer adsorbed film.24 

Barrett-Joyner-Halenda (BJH) method has been widely used for such calculations. It is based on the 

Kelvin equation and corrected for multilayer adsorption, is most widely used for calculations of the 

porous size distribution over the mesopore and part of the macropore range.25 

The gas adsorption measurements have been used in this work to determine the surface area of 

the materials synthesized. These mesurements have been performed in the Università degli Studi 

di Udine  in a Tristar 3000 gas adsorption analyser (Figure 2.14) from Micromeritics. Prior to the 

adsorption measurements, degasification of the samples was carried out at 150°C during 1h under 

vacuum conditions. 

   
Figure 2.14. Tristar 3000 (Microcalorimetrics) image and their specifications.26 

 Dynamic Light Scattering 

Dynamic Light Scattering (DLS) is also known as Quasi-Elastic Light Scattering and Photon 

Correlation Spectroscopy,12 and is one of the most popular methods used to study the colloidal 

stability of the particles. The DLS measurements are performed shining a monochromatic light 

beam, such as a laser, onto a solution containing particles. Such particles are in random motion, 

called Brownian motion, causing the scattering of the light irradiated. When the scattered lights 

from two or more particles are added together, there will be a changing destructive or constructive 

interference. This changes are related to the size of the particle. Therefore, measuring such 
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fluctuations it is possible to compute the sphere size distribution and give a description of the 

particle’s motion in the medium. 27,28  

The light intensity detected by the detector causes fluctuations over time. These time dependent 

fluctuations can then be related to particle speed by autocorrelation of the average of the product 

of the photon count, with a delayed version as a function of the delay time. The autocorrelation 

function is analyzed by numerically fitting the data with calculations based on assumed particle size 

distributions.  

Analysis of the time dependent fluctuation gives the diffusion coefficient of the particles, D. Then, 

if the viscosity η, of the solution is known, then the radius or a spherical particle, r, can be obtained 

from the Stokes-Einstein relation (Eq. 2.9):12 

6
kTr
D

      Eq. 2.9 

where k is Boltzmann’s constant (1.3806505×10−23J K-1) and T is the absolute temperature.  

 
Figure 2.15. DLS representation and its specifications.29,30 

The DLS measures were performed with a Horiba LB-550 Particle Size Analyzer (Figure 2.15). The 

LB-550's optical design uses a highly sensitive photo multiplier tube to be able to measure the lower 

concentrations. The optical arrangement which captures only the 180-degree scattered light, 

allows the light beam to be focused a short distance inside the cell, limiting the maximum amount 

of scattered light. This allows the measurement of high concentration samples without overloading 

the detector.  
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 Thermogravimetry  

Thermogravimetry (TGA) is a technique based on the variation in a sample mass (gain or loss) when 

subjected to heat treatment as a function of temperature and/or time. 10,31 Three modes of TGA 

are commonly used; (1) isothermal TGA (Figure 2.16-A); where the variations in the sample mass 

are recorded as a function of time at constant temperature, (2) quasi-isothermal TGA (Figure 2.16-

B); in which the sample is heated to constant mass at each of a series of increasing temperatures, 

and (3) dynamic TGA (Figure 2.16-C); the sample is heated with a temperature changing in a 

predetermined manner, generally at a linear rate. Dynamic TGA, is the most used procedure, 

therefore it is commonly designated as TGA method.31   

 
Figure 2.16. Representation of TGA graphics of the three different modes.31 

Through the mass-change versus temperature curve, it is possible to obtain information about the 

thermal stability and composition of the sample, the thermal stability of intermediate compounds 

that may be formed during the heating, and the composition of the residual if any.  

In the present work, TGA was used to quantify the quantity of organic ligand (3-MPA) coating the 

magnetic nanoparticles, being the process represented in Eq. 2.10: 

( ) ( ) ( )A solid B solid C gas     Eq. 2.10 

 

Figure 2.17. TGA instrument picture along with its specifications. 
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Such experiments were performed with a TA Instruments Q500 TGA (Figure 2.17). The sample (15-

20 mg) was placed in a small flat Pt crucible licked by an N2 flow (60ml min-1) tangent to the sample 

and then it was heated at a constant rate (10 °C/min) up to 900°C. 

 Fourier Transformation - Infrared spectroscopy 

Infrared spectroscopy (IR spectroscopy) deals with the infrared region of the electromagnetic 

spectrum, which is light with a longer wavelength and lower frequency than visible light. It covers 

a range of techniques, mostly based on absorption spectroscopy. The infrared region of the 

electromagnetic spectrum may be divided into three main sections:32 

1. Near-IR; is the higher energy, approximately 12500–4000 cm−1 (0.8–2.5μm wavelength) 

can excite overtone or harmonic vibrations.  

2. Middle-IR; 4000–400 cm−1 (2.5–25μm) used to study the fundamental vibrations and 

associated rotational-vibrational structure. 

3. Far-IR; 400–10 cm−1 (25–1000μm), lying adjacent to the microwave region, has low energy 

and may be used to study rotational spectroscopy. 

 
The main region of interest for analytical purposes is from 4000 to 400 cm-1 (middle-IR), which 

provides useful information about the analized compounds.  

The IR absorption spectrum is originated as a result of the absorption of IR radiation by the sample, 

which results, as shown in Figure 2.18, in transitions between different energy levels of vibrational 

states when the radiation energy is equal to the energy difference between two of such states.  

 
Figure 2.18. The molecule is excited to a higher vibrational state by the adsorption of the infrared radiation 
(figure adapted from the reference33). 

The number, position and intensity of the absorption bands of IR spectrum, are mainly determined 

by the nature of the bond between the atoms involved and therefore its composition and crystal 

structure. 

Then, the infrared spectrum may be represented by Transmittance or Absorbance spectrum. The 

transmittance at each wavenumber may be calculated by following Eq. 2.11. Then, the transmission 

spectrum is recovered by plotting the transmittance obtained versus the wavenumbers. 
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      Eq. 2.11 

where T is the transmittance, I0 is the intensity of the entering radiation (before sample absorption) 

and I is the transmitted light (after sample absorption). 

Likewise, it can be obtained the absorbance spectrum, by the plotting of the absorbance versus the 

wavenumber. Absorbance at given wavenumber is obtained by using the Lambert-Beer equation 

(Eq. 2.12)33  
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    Eq. 2.12 

being A the absorbance. 

Traditional IR spectrophotometers were constructed with monochromation being carried out using 

sodium chloride or potassium bromide prisms, but these had the disadvantage that the prisms are 

hygroscopic and the middle-IR region normally necessitated the use of two different prisms in order 

to obtain adequate dispersion over the whole range.32 Thus,  in order to overcome the limitations 

encountered with dispersive instruments, IR spechtrophotometers has evolved in a procedure 

based on the inteferometry, known as Fourier Transform-Infrared Spectroscopy  

(FT-IR).  

The instruments are commonly based on the Michelson interferometer, where the radiation from 

an IR source is split into two beams by half-silvered 45° mirror so that the resulting beams are at 

right angles to each other, producing a unique type of signal which has all of the spectral 

characteristics of the sample in the beam. Then, the interferogram is converted into an IR 

spectrum.32 

 
Figure 2.19. Picture of FT-IR instrument and its principle specifications.34 

Regrding the present research, FT-IR has been used to verify the ligand presence on the SPION 

surface. The FT-IR spectrum have been recorded in the Università delgi Studi di Udine by the 
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measurement in the middle-IR region using a PLATINUM ATR from Bruker integrated into a VECTOR 

22 FT-IR spectrometer (Figure 2.19). 

 Point of Zero Charge 

The point of zero charge (pHpzc) is the pH value at which the sum of positive and negative charges 

are equals. Whereas it can be assumed that the surface charge has no influence on the adsorption 

of neutral adsorbates, charged species (acid anions and protonated bases) can be subject to 

additional attraction or repulsion forces, depending on the signs of the species and surface 

charges.35  

Consequently, the pH not only affects the adsorbate (by protonation/deprotonation changing its 

polarity), but also affect the surface charge of the adsorbent. Adsorbent materials possess 

functional groups on their surfaces that can be protonated or deprotonated. As a consequence, the 

surface of such adsorbents is typically positively charged at low pH values and negatively charged 

at high pH values.35 Accordingly, the adsorption-adsorbate system is hardly pH-dependent. 

Adsorbate 
character 

Relative 
position of 

pHpzc and pKa 
pH range 

Dominating 
adsorbate 

charge 

Dominating 
adsorbent 

surface charge 

Resulting 
electrostatic 
interactions 

Acidic  pHpzc < pKa  pH > pKa Negative Negative Repulsion 

 
 pHpzc > pKa  pKa  < pH < pHpzc  Negative Positive Attraction 

  
 pH > pHpzc  Negative Negative Repulsion 

Basic  pHpzc > pKa  pH > pKa Positive Positive Repulsion 

 
 pHpzc < pKa  pKa  < pH < pHpzc  Positive Negative Attraction 

     pH > pHpzc  Positive Positive Repulsion 

Table 2.1. Conditions for electrostatic interactions during adsorption of weak acids and bases charged 
surfaces.35 

Table 2.1 summarizes the conditions under which attraction and repulsion forces can be expected. 

In pH ranges where the adsorbate species have the same charge as the surface, the adsorption is 

relatively weak, not only as a result of the higher polarity of the charged adsorbate species but also 

due to additional repulsion forces. Under certain conditions, pH ranges exist where the adsorbate 

species and the adsorbent surface show  opposite charges and, consequently, attraction forces 

occur. Since these attraction forces act in addition to the van der Waals forces, an adsorption 

maximum can often be observed in these pH ranges.35  

In the present work the pHpzc was determined for the alumina based adsorbent as well as modified 

SPION. The pHpzc for HAM has been determined by solid addition method36 using 0.1M potassium 

chloride (KCl) solution with 20 mg·L-1 F-. 20mL of the prepared solution (0.1M KCl with fluoride) 
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were added into a series of vessels. Then, the initial pH (pHi) of the solutions was adjusted in the 

range of 3.0-10.0. After that, 15mL of any solution were added into another vessel with 0.3mg of 

the adsorbent material. The suspensions were then equilibrated for 48h. 

Once the equilibration time was reached, the final pH (pHf) of the solutions was measured again. 

The difference between the final and the initial pH (∆pH = pHi − pHf) was plotted versus the pHi. The 

pHpzc is given for the point where the curve intersects with abscissa, at this point ∆pH = 0. In order 

to confirm our results, the experiment was performed at different ionic strength, 0.1M and 0.01M 

KCl.  

The pHpzc of SPION@3-MPA was determined following the methodology published in the 

literature.37 Aliquots of 20mL of 0.01M NaNO3 solution have been mixed with 20mg of the 

adsorbent material. A number of solutions have been prepared, the pH of each solution has been 

adjusted to a different pH in a range between 3 and 10. After measure the initial pH, 20mL of the 

prepared solution was mixed with the adsorbent material, then, the suspensions were mixed during 

24h. As soon as the reaction time was expired, the final pH of the solutions was measured. As in 

the previous case, the difference between initial and final pH (∆pH = pHi − pHf) was plotted versus 

the initial pH, being the pHpzc the point where the curve intersects the abscissa.  

 

2.4. ADSORPTION STUDIES 

Adsorption isotherms provide essential information for the understanding of the adsorption 

mechanism and then for the design of the adsorption systems.  The adsorption equilibrium state is 

defined by a function of three variables: adsorbate concentration, adsorbed amount (loading 

capacity of the adsorbent), and temperature. However, it is usual to keep the temperature constant 

during the whole process. Therefore, the adsorption isotherm (Figure 2.20. Adsorption 

isotherm.Figure 2.20) may be defined in Eq. 2.13:35  

( ),eq eqq f C   T constant    Eq. 2.13 

where qeq is the adsorbed amount in the equilibrium state, Ceq is the adsorbate concentration in 

the equilibrium state, and T is the temperature. 
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Figure 2.20. Adsorption isotherm.35 

Up to now there is no an universal isotherm equation to describe all experimental isotherm curves 

accurately, existing a wide range of models which were developed based on both theoretical and 

empirical bases35,38,39 such as Langmuir, Freundlich, Brunauer–Emmett–Teller, Redlich–Peterson, 

Dubinin–Radushkevich, Temkin, Toth, Koble–Corrigan, Sips, Khan, Hill, Flory–Huggins or Radke–

Prausnitz isotherm. 

In the present work Freundlich and Langmuir isotherms have been selected as models to describe 

the adsorption mechanism, since it has been demonstrated that such models better fit the 

adsorption behaviour of pollutants from wastewaters.40 In this work, such models have been used 

to evaluate the adsorption-adsorbate systems of (i) fluoride on HAM and (ii) metal ion on modified 

SPION. The detailed description of those models are explained below.  

 Langmuir model 

Langmuir isotherm is one of the best known and most used adsorption model. It is based on the 

following hypothesis; (1) the adsorbate forms a monolayer on the adsorbent surface, (2) the 

adsorption takes place at specific homogeneous sites on the adsorbent, (3) once the adsorbate 

occupies a site; no further adsorption can take place in that site, (4) the solid is supposed to have a 

limited adsorption capacity, (5) all adsorption sites are identical, retaining a molecule of adsorbate 

with a sterically energy independent of the adsorbed quantity, (6) the adsorption energy is constant 

and does not depend on the degree of occupation of an adsorbent’s active centers, (7) the strength 

of the intermolecular attractive forces is believed to fall off rapidly with distance, (8) the adsorbent 

is structurally homogeneous, and finally (9) there is no interaction between molecules adsorbed on 

neighbouring sites.35,38–41  

It has to be taken into account that adsorption process is not manifested alone, since 

simultaneously the reverse process occurs.42 Therefore, the dynamic equilibrium of such process is 

represented by the following reaction (Eq. 2.14):41,42  
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free site + solute ⇌ surface complex  Eq. 2.14 

with rate constants of ka  and kd for the adsorption and desorption processes respectively.  

The fraction of occupied sites ( ) corresponds to the degree of the surface coated, and is defined 

in Eq. 2.15 as follow: 42 

number of occupied sites
number of total sites

     Eq. 2.15 

The factors involved in the adsorption process are the concentration of adsorbate available for the 

adsorption (C), and the free sites on the surface to be occupied (1- ), where the adsorption rate 

(rads) is represented by Eq. 2.16. Whereas the desorption depends only on the adsorbed molecules, 

represented by the occupied sites at the interface , where the desorption rate (rdes) is defined by 

Eq. 2.17.  

(1 )ads adsr k C       Eq. 2.16 

des desr k       Eq. 2.17 

At equilibrium, the change in fractional coverage with time is equal to zero so it may be written: 

0 (1 )ads desk C k        Eq. 2.18 

Obtaining the following Eq. 2.19 
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     Eq. 2.19 

where K is the equilibrium constant represented by Eq. 2.20 
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      Eq. 2.20 

Then, the Langmuir isotherm may be also written as the following Eq. 2.21:35,38–41 
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       Eq. 2.21 

where: Ce= equilibrium concentration (M), Cads= solute adsorbed at equilibrium (mol·g-1),  

Qmax = maximum quantity of solute adsorbed per gram of adsorbent (mol·g-1) and b = Langmuir 

constant (M-1).  

Thus, Langmuir model describes quantitatively an homogeneous adsorption by the formation of a 

monolayer adsorbate on the  adsorbent surface, making possible to obtain the value of the 

adsorption constant and loading capacity of the adsorption reaction.   
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 Freundlich model 

Freundlich model is also frequently used to describe adsorption-adsorbate systems. In contrast to 

Langmuir model, the adsorption process is characterized by surfaces with heterogeneous active 

sites.35,39 The Freundlich isotherm is an empirical equation used for the description of multilayer 

adsorption with interaction between adsorbed molecules represented by the Eq. 2.22: 35,38–41 

 

1
n

ads f eC K C      Eq. 2.22 

where Kf = the Freundlich constant ((L·mmol-1·g-1)1/n), n = adsorption intensity, Ce = equilibrium 

concentration of adsorbate (M), Cads = amount of adsorbate adsorbed at equilibrium (mol·g-1). The 

Freundlich constants are empirical constants depends on many environmental factors. The value 

of 1/n ranges between 0 and 1 indicates the degree of non-linearity between solution 

concentration and adsorption.35,40  

The model is applicable to the adsorption on heterogeneous surfaces by a uniform energy 

distribution and reversible. It can describe neither the linear range at very low concentrations nor 

the saturation effect at very high concentrations. By contrast, the medium concentration range is 

often very well represented.35,40  

It is necessary to know the concentration of the analytes remaining in solution for isotherms 

development. In this thesis, the selected techniques for this purpose has been; (i) potentiometry, 

for measuring fluoride concentration in solution, and (ii) Inductively Coupled Plasma, to measure 

the remaining concentration of metal in aqueous media. 

 Potentiometry 

Potentiometry allows the fast and direct measurement of the fluoride concentration remaining in 

aqueous solution after the adsorption on HAM. Potentiometry is one type of electrochemical 

analysis methods (Figure 2.21 and Figure 2.22) and may be used to measure the potential variation 

of the indicator electrode, to construct a titration curve or, such in this work, it may be used for 

measurements in which the interest is in the actual value of the indicator electrode potential in 

order to find the concentration of an ion. This technique is based on the measurement of the 

potential of an electrode system in absence of significant current. Such potential depends on the 

ions present in the solution and their concentration. The dependence of potential between 

electrodes from concentration of ions is expressed by Nernst equation43 (Eq. 2.23).  
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0 lnRTE E a
nF

     Eq. 2.23 

where E = electrode potential, E0 = standard potential of the electrode, R = universal gas constant 

(8.314 J·K-1·mol-1), F = Faraday constant (96485 C·mol-1), T = temperature in K, n = charge of the ion 

or number of electrons participating in the reaction, a = activity of the electroactive species, which 

in dilute solutions may be approximated to molar concentration. 

 
Figure 2.21. Potentiometric measurement system; example for pH measurement (figure adapted from the 
reference43). 

Reference electrode is an electrode with known potential which is independent of the analytes 

concentration or other ions in solution, while the potential of an indicator electrode depends 

mainly on the concentration of the analytes ions.43  

Potentiometric measurements enable selective detection of ions in presence of multitude of other 

substances by using an ion selective electrode.  

 
Figure 2.22. Diagram of glass-calomel cell for the measurement of pH. ESCE is the potential of the reference 
electrode, Ej is the junction potential, a1 is the activity of hydronium ions  in the analyte solution, E1 and E2 
are the potentials on either side of the glass  membrane, Eb is the boundary potential, and a2 is the activity 
of hydronium ion in the  internal reference solution.43 
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When performing potentiometric measurements, due to the complex nature of overall potential, 

Nernst equation is often used in form of Eq. 2.24:32  

0.059 logcellE K C
n

     Eq. 2.24 

where Ecell = overall potential, C = concentration of analyte ions (which can be used instead of 

activity) and K = constant which includes all remaining potentials in the system (including junction 

potential and potential of reference electrode). The constant 0.059V includes constant terms from 

Eq. 2.23 and temperature T = 298.15K.  The sign in Eq. 2.24 depends on the ions to be determined: 

being positive for cations and negative for anions.  

In this work, a combined fluoride selective electrode has been used; Really-Flow™ Solid-State 

combination fluoride-selective Electrode from Weiss Research (Figure 2.23), for the measurements 

of fluoride remaining in solution.  

 
Figure 2.23. The common characteristics and features of combined Ion Selective Electrode.44 

It is composed by a crystal of LaF3 sealed into the bottom of a plastic container to produce a fluoride 

ion electrode. The container is charged with a solution KCl (saturated with AgCl solution) and carries 

an Ag wire which is coated with AgCl at its lower end: thus, it constitutes an Ag-AgCl reference 

electrode. The LaF3 crystal is a conductor for fluoride ions which, being small, can move through 

the crystal from one lattice defect to another, and equilibrium is established between the crystal 

face inside the electrode and the internal solution. Likewise, when the electrode is placed in a 

solution containing fluoride ions, equilibrium is established at the external surface of the crystal. In 

general, the fluoride concentration at the two faces of the crystal are different and so a potential 

is  established, and since the conditions at the internal face are constant, the resultant potential is 

proportional to the fluoride ion activity of the tested solution.32 

To know the free fluoride concentration in solution it is necessary to be related to the potential of 

the selective electrode (through the Nernst law). In this work, it has been determined by performing 
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a calibration of the measuring system with solutions of known concentration of the ion (Figure 

2.24).  

 
Figure 2.24. Representation of calibration curve used to find the concentration analyte in a sample which a 
specific potential is measured. 

Potentiometric studies for fluoride removal have been done by adding 20mL of  

0.5g·L-1 HAM suspension into a vessel and then titrating with sodium fluoride (NaF) solution 80mM. 

0.5mL of fluoride solution was added to the suspension and once the equilibrium time was expired 

(1h), the fluoride concentration in solution was measured using the fluoride selective electrode 

before the consecutive addition. The suspension was kept under stirring during the experiment and 

in total around 11 additions were made for each experiment. 

The experiments were performed in total ionic strength adjustment buffer (TISAB, acetic-acetate 

buffer solution at pH ~5.5), which was prepared following the procedure described.45 At the pH 

fixed by TISAB solution (5.5), the formation of hydrofluoric acid (HF) is negligible and the 

concentration of hydroxyls (OH-), the only other anion that the electrode responds to, is 

insignificant.  

Then, potentiometric experiments were fitted both with Langmuir and Freundlich isotherms (see 

isotherms details in section Langmuir model and Freundlich model).  

 Inductively Coupled Plasma Optical Emission Spectrometry  

Plasma can be defined as a cloud of highly ionised gas, composed of ions, electrons and neutral 

particles. In Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) the gas, usually 

argon, is ionised by the influence of a strong electrical field. Plasma sources operate at high 

temperatures (somewhere between 7000 and 15000K) producing a greater number of excited 

emitted atoms (especially in the ultraviolet region) than those obtained by the relative low 

temperatures used in flame emission spectroscopy.32,43 Further, the plasma source is able to 

reproduce atomisation conditions with a far greater degree of precision. As a result, spectrum may 

mV

Log[F-]

Measurement of standard 
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Measurement of 
the sample

[F-]
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be produced for a large number of elements, therefore ICP-OES allows the multi-elemental analysis 

of a sample in aqueous media. 32,43 

A peristaltic pump carry the sample in the nebulizer, converting such sample into an aerosol in 

order to be introduced directly inside the plasma flame, as shown in Figure 2.25. There, the sample 

interacts with electrons and charged ions, dissociating into free atoms which then, losing their 

electrons, recombines in plasma, emitting radiation at the characteristic wavelengths of the 

present elements. Such emission is captured by the detector in the UV-Vis region.43  

 
Figure 2.25. Atypical inductively coupled plasma source 43 

In the present work, ICP-OES measurements have been with a Varian VISTA-MPX CCD Simultaneous 

ICP-OES (Figure 2.26) for the measurement of the metal ion concentration (Pb(II), Cr(VI), Cd(II), 

Hg(II), Ag(I), Pt(IV)) remaining in solution after the adsorption on modified SPION.  
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Figure 2.26. Image of ICP-OES and its characteristics and features.46 

The adsorption experiments have been performed at room temperature in batch conditions by 

mixing 10mL of metal solution, with a concentration within the range of 0.1-1.0mM, with 5mg of 

functionalized SPION. The suspension was sonicated during 30min and then allowed 30min in 

contact. After the equilibrium, the magnetic adsorbent was separated from the aqueous phase by 

decantation with the application of a magnetic field. The remaining solution was then filtered prior 

the metal ion analysis by ICP-OES. Figure 2.27 shows schematically the procedure of the metal ion 

adsorption experiments performed. 

Figure 2.27. Analytical procedure of metal adsorption on functionalized SPION. 

The pH selected for the adsorption experiments of Pb(II), Cr(VI), Cd(II), Hg(II) and Ag(I) was 5 (acetic-

acetate buffer solution 20mM at pH ~5, prepared in milliQ water). At higher pH (pH > 5) the metals 

may hydrolyse up to precipitate the corresponding hydroxide (M(OH)n). On the other hand, at pH 

extremely acidic, the surface of the adsorbent material would be highly protonated inhibiting the 

adsorption due to electrostatic repulsions. Therefore, pH~ 5 seems to be the best pH for the 

adsorption experiments. The metal solutions have been obtained by the dissolution of the 

corresponding metal salts with the prepared buffer solution.  
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Adsorption experiments for Pt(IV) have been performed in HCl media at pH = 3 (in milliQ water). As 

it can be appreciated from the speciation of chloroplatinate (Figure 2.28), at pH > 3.5 the chloro-

complex of Pt(IV) hydrolyses while at pH < 2 the magnetic particles could dissolve.  

 
Figure 2.28. Pt speciation from pathway and formation dissociation constants of Stillen and Martell.47 

Finally, experimental data were fitted both Langmuir and Freundlich isotherms, as specified in 

section Langmuir model and Freundlich model, to find the adsorption parameters of metal ion 

adsorption on modified SPION. 

 Isothermal Titration Calorimetry 

Isothermal Titration Calorimetry (ITC) is a technique which allows measure the heat exchanged in 

a chemical, physical or biological process.48 Microcalorimetry does not require that a sample has a 

particular characteristic (absorption spectrum…) to enable measurement. This technique allows a 

direct and continuous measurement of the system under study, giving real-time data continuously 

as the process proceeds.49 The instrument may operate in two different modes; heat flow mode or 

power compensation mode. 

In the heat flow mode, the heat produced or consumed by the reaction is channelling from the 

sample through the heat flow sensors comprised of thermoelectric modules. When a temperature 

gradient is imposed across the thermoelectric module, a voltage is created in accordance with the 

Seebeck effect.50 This voltage is proportional to the heat flow through the thermoelectric module 

and hence, proportional to the rate of heat production or consumption by the sample. One side of 

the thermoelectric module is in contact with the sample and the other is kept isothermal by a heat 

sink which is in contact with the TAM III thermostat. All the heat flow calorimeters are of the twin 

type, consisting of both a sample and a reference side. The measured property is the difference in 

heat flow between sample and reference. The twin principle reduces baseline noise by eliminating 

any small fluctuations of the thermostat.49  
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In the power compensation mode, a constant electrical power is applied to the calibration heaters 

of the sample and reference sides of the calorimeter. If the temperature of the sample increases 

or decreases due to a reaction or physical event, the heater on the sample side is compensated to 

keep the sample and reference at the same temperature. The power compensation mode results 

in a much faster response time making the calorimeters ideal for high resolution while monitoring 

rapid processes.49  

ITC experiments have been carried out with a TAM III thermostat (TA Instruments) (Figure 2.29) 

equipped with a nanocalorimeter (Figure 2.30) and an automatic titration syringe.    

 
Figure 2.29. TAM III instrument and its specifications.49 

The TAM III thermostat is a liquid-based system, utilizing a mineral oil to quickly dissipate heat and 

minimize temperature gradients in the system. In the experiments, the liquid thermostat is 

maintained at constant temperature for the duration of the experiment. Any heat generated or 

adsorbed by the sample is continuously measured. Isothermal measurements give quantitative and 

continuous data reflecting the rate of the system under study.49 

ITC has been hitherto widely used for the study of chemical equilibria in solution51–55 and 

biomolecular interactions,56 while only a limited number of examples of its application in adsorption 

studies can be found in the literature.57–61 In the present work, ICT has been used to measure the 

exchanged heat reaction of the adsorption of (i) fluoride on HAM and (ii) heavy and precious metals, 

including Pb(II), Cr(VI), Cd(II), Hg(II), Ag(I) and Pt(IV), on modified SPION. 
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Figure 2.30. Picture of the TAM III nanocalorimeter.49 

In fluoride adsorption experiments, the samples and the standard solutions have been prepared in 

TISAB buffer. The sample was stirred continuously at 90rpm and the reference cell was filled with 

0.8 mL of distilled water throughout all experiments. About 10 additions of 17.5μL of 80mM fluoride 

solution were added to 0.7mL of ~0.5g·L-1 HAM suspension. The delay time between two 

consecutive injections was set to 60 min, which was long enough to let the system to reach thermal 

equilibrium.  

In metal ion adsorption experiments, the samples were prepared in acetic-acetate buffer solutions 

(pH 5). About 14 additions of 14μL of metal ion solution 5mM were added to 0.7mL of ~0.5g·L-1 

modified SPION suspension stirred continuously at 120rpm. The delay time between the 

consecutive injections was 1h for all metals except for Pt(IV), which, because of its slow kinetics, 

needed 2 hours to reach the equilibrium. The reference cell was filled with 0.8 mL of distilled water 

throughout all experiments. 

 

2.5. ADSORPTION THERMODYNAMICS 

The Langmuir constant (b) may be used to estimate the thermodynamic parameters Gibbs free 

energy (ΔGads), change in enthalpy (ΔHads), and change in entropy (ΔSads).  

The free energy of adsorption can be related with the Langmuir equilibrium constant, b,  by the 

following expression (Eq. 2.25):62  
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lnG RT b          Eq. 2.25 

where R is the universal gas constant (8.314 J mol-1 K-1). 

Enthalpy and entropy changes are also related to the Langmuir constant by the van’t Hoff equation 

(Eq. 2.26):62 

ln ads adsS Hb
R RT

 
      Eq. 2.26 

Thereby, a plot of lnb versus 1/T should be a straight line. ΔHads and ΔSads values could be obtained 

from the slope and intercept of this plot. However, as observed in the Introduction chapter (section 

General thermodynamic considerations), ΔHads values calculated by plotting the adsorption 

constant versus 1/T, provides uncertain and scattered values for the thermodynamic parameter. 

In the majority of adsorption studies, the enthalpy associated to de adsorption process has been 

calculated by van’t Hoff equation,63–65 using the temperature dependence of the Langmuir 

adsorption constant (Eq. 2.26). However, many studies revealed serious discrepancies between 

enthalpy values obtained directly from Isothermal Titration Calorimetry (ITC) and from van’t Hoff 

equation and evidenced the large uncertainties associated to the latter method.59,66–69 

In this work, ITC is applied for the first time to obtain direct determination of ΔHads for fluoride ion 

adsorption by HAM and metal ions adsorption on modified SPION, to provide independent and 

robust thermodynamic parameters.  

The values of b and Qmax obtained by Langmuir isotherm from potentiometric or ICP-OES data have 

been used to calculate Ce for each titrant addition by numerically solving by Eq. 2.21 in the 

experimental conditions of the calorimetric titrations. The ∆Hads (kJ mol-1) value has been calculated 

to best fit the experimental heat for the analytes adsorption according to the modified isotherm70 

(Eq. 2.27) shown below: 

max

1
e

cum ads
e

Q bCq H
bC

 
     Eq. 2.27 

where: qcum = total heat involved in the reaction per gram of adsorbent (kJ·g-1). Dilution heat (qdil) 

was also determined to correct the total heat measured (qmeas) by the instrument. Thereby  

qcum = qmeas – qdil, represents only the heat involved on the adsorption reaction. Statistical analysis 

of the results has been done with the Solverstat utility for MS-Excel and related tools.71,72 
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3. RESULTS AND DISCUSSION 

 

In this chapter, the results obtained during the thesis experiments are organized in two main 

sections, including: 

(i) The characterization of HAM and the adsorption studies for fluoride removal 

 

(ii) Functionalized SPION characterization and adsorption studies of metals as Pb(II), Cr(VI), 

Cd(II), Hg(II), Ag(I) and Pt(IV).  

The obtained results are described as follow.  
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3.2. FLUORIDE REMOVAL BY HIERARCHICAL ALUMINA MICROSPHERES 

The current section describes the results obtained in the study performed for the adsorption of 

fluoride on HAM, from the characterization of the synthesized adsorbent material until the 

description of the adsorption process in terms of loading capacity and thermodynamic parameters. 

Figure 3.1 represents a scheme of the content of the current section.  

 

Figure 3.1. Scheme of the performed work for the study of fluoride adsorption on HAM. 
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3.2.1. Characterization of the Adsorbent Material 

The physical features obtained for the synthesized HAM are described below. Such information is 

of great importance for understanding the behaviour of the adsorbent material for fluoride 

adsorption. In the present work, the characterization results of the material includes the 

description of the morphology by SEM and TEM, the distribution of the particles in solution by DLS, 

the corresponding surface area and porous size by BET and porosimetry, the crystallinity of the 

material by DRX and the charge of the surface by the study of the pHpzc.  

As mentioned in methodology chapter, two different kinds of HAM have been synthesized by 

varying the time of the microwave treatment, being 3 minutes for HAM type A and 20 min for HAM 

type B. The description and differences of both materials are described in the following section. 

 Scanning Electron and Transmission Electron Microscopy  

The characterization of the morphology of the obtained HAM type A and type B have been provided 

by SEM and TEM, and the corresponding micrographs are shown in Errore. L'origine riferimento non 

è stata trovata.. SEM analysis provides information about the characteristics of the surface along 

with information about the structure of the synthesized material. TEM allows the evaluation of the 

shape and size of the material. 

Errore. L'origine riferimento non è stata trovata. A-i and B-i show the SEM micrographs obtained for 

the two kinds of HAM (type A and type B). As revealed in the images, HAM type A and type B present 

a flower-like hollow microspheres with a highly textured surface and smooth inner wall surface. 

The microspheres have a diameter of 0.9µm, which is significantly smaller than those obtained by 

the published methodology (5µm).1 The TEM images in Errore. L'origine riferimento non è stata 

trovata. A-ii and B-ii confirmed the texture of the shell wall observed in SEM analysis. They show a 

magnification of the particles, revealing that the spheres consist in a low cavity with a diameter 

about 800nm composed by the randomly aggregation of nanoplatelets. The detailed images given 

in Errore. L'origine riferimento non è stata trovata. A-iii and B-iii, evidence that the hierarchical 

structure of the microspheres is formed by packing of nanoplatelets about 200nm length and thin 

thickness. In Figure 1 A-iv and B-iv an enlargement of the nanoplatelets evidencing their smooth 

surface is reported. 
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Figure 3.2. Morphological images of HAM type A (Fig. 3.2-A) and type B (Fig. 3.2-B) provided by SEM (A-i and B-i) and TEM (A-ii, A-iii, A-iv, B-ii, B-iii and B-iv) analysis.
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To understand if there is any morphological change during the calcination of the nanostructured 

particles synthesized (see chapter methodology, section Synthesis of hierarchical Al2O3 

microspheres by an analytic microwave oven), SEM and TEM analysis have been performed of HAM 

prior calcination. In Figure 3.3, representative SEM (Figure 3.3-i) and TEM (Figure 3.3-ii) images of 

the un-calcined type B HAM are reported. 

 
Figure 3.3. SEM (i) and TEM (ii) images of synthesized HAM type B, before calcination process. 

It may be observed that uncalcinated HAM have the same characteristic structure of the calcinated 

material, indicating that hierarchical morphology is stable, even after high temperature treatment, 

therefore, the characteristic hierarchical structure is formed during the hydrothermal precipitation 

of the HAM.  

As reported in the introduction chapter (section 1.7.2. Nanostructured materials), the small size 

seems to be an advantage for the effectiveness of the adsorbent materials. Therefore, several 

additional syntheses have been carried out with the aim to achieve HAM smaller than type A and 

type B. Table 3.1 summarizes the particle sizes obtained in each synthesis. 

Description Particle size (µm) 

Exces of urea 1.0 
Al(NO3)3 as aluminum salt 0.5 

Heating cycles 1.7 

Varying the volume 1.5 

Adding PVP 1.5 

Higher temperature 1.5 

Higher initial pH 3.7 

Table 3.1. Size comparison of the synthesized HAM with some modifications. 
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As it may be observed, equal or higher sizes have been obtained excepted with the exception of 

the synthesis with the different aluminium salt as a reactant. However, as appreciated in Figure 3.4, 

the morphology of the material is completely different. In this case the, nanoplatelets have been 

obtained without hierarchically assembling, as observed in previous works.1,2  

 
Figure 3.4. SEM images of HAM synthesized with a different aluminium salt. 

The controlled synthesis of hierarchical structures is a key challenge in materials chemistry : in the 

particular case of hierarchical alumina microspheres, it is demonstrated in the literature that the 

presence of sulfate ions (SO4
2-) is required for the formation of the hierarchical hollow 

microspheres, where the sulfate-mediated process involves the formation of nanoplatelets 

followed by cooperative assembly and localized ripening.1,2 The objective to  decrease the spheres 

size maintaining a proper morphology is not reached in our synthesis, consequently the work has 

been focused on the initial HAM type A and type B. 

 Surface characterization 

The N2 adsorption and porosimetry studies are of great importance giving specific information 

about the surface of the adsorbent material, the specific surface area and the pore size distribution.  

Figure 3.5 presents the adsorption-desorption isotherms. Such isotherm may be classified as Type 

IV (a),3 which is characteristic of mesoporous materials4 (methodology chapter, section N2 

adsorption isotherms at -196 ºC). Therefore, the H3 type-hysteresis loop5 at high relative pressures; 

over pressure P/Po of 0.7 in both types A and B, indicates the presence of mesoporous formed 

between the assembly of nanoplatelets.2  
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Figure 3.5. N2 adsorption (green triangles) and desorption (red circles) isotherms of HAM for type A (Figure 
2A) and sample B (Figure 2B). 

The BET surface areas of HAM type A and type B, as well as the pore size are summarized in Table 

3.2.  

Adsorbent Surface area (m2 g-1) Pore size (nm) Pore volume (cm³ g-1) 

HAM type A 254 12.96 1.07 

HAM type B 241 25.55 2.32 

Table 3.2. Surface characteristics of HAM of type A and B. 

A high surface area is obtained, quite similar for both materials, being 254 and 241 m² g-1 for type 

A and B respectively, which will favour the adsorption capacity of fluoride on the synthesized 

material. As explained in methodology chapter, (section N2 adsorption isotherms at -196 ºC) a 

mesoporous material normally contains pores with diameters between 2-50 nm,4 the pore size was 

determined to be 12.96 nm with a pore volume of 1.07cm³·g-1 for sample A and 25.55 nm and 2.32 

cm³·g-1 for sample B, confirming the mesoporosity of our material. Because of the characteristic 

downy surface of the particles, the synthesized alumina has excellent porous properties and seems 

to exhibit a great potential for fluoride adsorption.  

 Dynamic Light Scattering 

The particle size distribution of the two HAM analyzed by DLS is represented in Figure 3.6.  

In Figure 3.6-A the HAM suspension of type A show an average diameter between 0.6 and 1µm. 

This value corresponds approximately with the diameter of the particles, which means that the 

particles aggregation is almost absent in the working conditions. The distribution of type B is shown 

in Figure 3.6-B, which indicates an average size larger than type A.  
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Figure 3.6. Particle size distribution of HAM for type A (blue) and B (green) determined by DLS (suspension in 
TISAB solution).  

 Point of Zero Charge 

The pHpzc obtained for both type A and B was 9.0 at different ionic strength (0.1M and 0.01M). 

Consequently, at working pH = 5.5, the surface of the adsorbent is positively charged which means 

that the fluoride will be attracted by electrostatic forces, the interaction between alumina surface 

and the fluoride containing solution may be represented by the following reactions:6–8  

2AlOH H AlOH        Eq. 3.1 

2 2AlOH F AlF H O        Eq. 3.2 

 X-ray diffraction 

 
Figure 3.7. X-Ray diffraction (XRD) patterns of HAM for type A (blue) and B (green) samples. 

The XRD diffractogram of HAM type A in the Figure 3.7 reveals no clear peaks, indicating that the 

adsorbent is amorphous. On the contrary, the diffractogram of the analysed microspheres of HAM 
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type B showed some characteristic peaks for aluminum oxide in accordance with Al2O3 reference 

standard diffractogram (JCDPS card No. 10-0425). However, the low intensity of such peaks 

evidenced that the material is a poorly crystalline solid.  

The DRX study is a crucial factor for the material efficiency analysis, since it has been demonstrated 

in the literature that the crystallinity of adsorbents has a significant influence on the adsorption 

capacity of the materials.9–11  

 

Adsorbent 
Particle size 

distribution (DLS) 
(µm) 

Surface area 
(m2 g-1) 

Pore size 
(nm)  

Pore volume 
(cm³ g-1)  pHzpc 

HAM type A 0.6 – 1.0 254.09 12.96 1.07 9.0 

HAM type B 1.5 – 2.6 241.62 25.55 2.32 9.0 

Table 3.3. Summary of the characteristics of HAM type A and B. 

- In both syntheses (HAM type A and type B), hollow alumina microspheres have been obtained 

composed by three levels of hierarchical organization: (i) amorphous alumina at the nanoscale, 

(ii) mesoscale packing of the nanoplatelets in the shell wall, and (iii) assembly of a sphere 

enclosing an internal cavity of 800nm. 

- Both materials have a high surface area, which is an advantage for the adsorption process.  

- A higher degree of crystallinity for type B than type A may be observed. As low crystallinity of 

the alumina base materials seems to be an advantage for their absorption capacity, HAM type 

A seems to be a more promising material than type B. 

 

3.2.2. Fluoride adsorption studies on hierarchical alumina microspheres 

In the following section, the results of the study of fluoride adsorption process on HAM are 

presented. The adsorption reaction has been characterized in terms of kinetics and 

thermodynamics.  

 

3.2.2.1. Fluoride adsorption kinetics on HAM (type A) 

The kinetics of the adsorption reaction has been measured for an adsorbent dose of 0.5g L-1 (type 

A) and initial concentration of 16mM of fluoride. The fluoride concentration remaining in solution 

was constantly measured with short intervals of time, at the beginning of the reaction, and between 

larger intervals, when the reaction was closer to equilibrium state. The obtained experimental data 

are plotted in  Figure 3.8, where the [F-]e/[F-]0 ratio vs. time (h) is represented, as well as the fitting 

with both mono and bi-exponential Eq. 3.3 and Eq. 3.4 respectively. The fitted results are 

summarized in Table 3.4.  
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1
1[ ] k t

eF a e       Eq. 3.3 

1 2
1 2[ ] k t k t

eF a e a e        Eq. 3.4 

where ai = initial concentration for each exponential (M), ki = constant rates (h-1), t = time (h). 

 
Figure 3.8. Fluoride adsorption kinetics on HAM (type A, 0.5 g·L-1, pH = 5.5, T = 298.15K, [F-]0 = 16mM) fitted 
with mono- (green line) and bi- (dashed red line) exponential functions.  

As can be observed by the correlation coefficient (R2), experimental data fits better by bi-

exponential model with respect the mono-exponential model, suggesting the presence of a first 

reaction followed by a much slower adsorption process (k2 is 3 orders of magnitude lower than k1, 

Table 3.4). This phenomenon was also observed by fluoride adsorption on MgAl-CO3 layered double 

hydroxides.12 As it can be appreciated, the first and fast adsorption occurs during the first hour then 

the rate decreases and after 3 hours only the 25% of the initial fluoride concentration is strill 

present, reaching the equilibrium state in 24h.  

Mono-exponential model Bi-exponential model 

a1 (M) k1 (h-1) R2 a1 (M) k1 (h-1) a2 (M) k2 (h-1) R2 

7.0 0.17 0.905 9.5 129.99 6.4 0.15 0.982 

Table 3.4. Mono and bi-exponential parameters for the first-order kinetic model. 

However, as shown in Figure 3.9, the signal measured by ITC, which represents the heat evolved 

for each addition of fluoride on HAM suspension (for both type A and B), reaches the baseline in 60 

minutes. That fact means that the heat exchanged related to the fluoride adsorption on the alumina 

microspheres expires within one hour.  

Although the equilibrium is not yet reached according to the overall reaction model (Figure 3.8), in 

ITC experiments it seems that only the first process produces a detectable thermal effect. 

Therefore, calorimetric experiments were analysed by using [F-]e values calculated from 

potentiometric data with the same delay time between additions (60 min.) as in calorimetry.  
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Figure 3.9. ITC for fluoride adsorption into HAM of type A (blue) and type B (green). Each peak corresponds 
to an injection of 17.5μl of 80mM fluoride solution to 0.7mL of 0.5g L-1 HAM suspension. 

 

3.2.2.2. Fluoride adsorption isotherms 

Potentiometric studies have been performed by the titration of fluoride solution (NaF solution 

80mM) on 20mL of HAM suspension 0.5g L-1. The fluoride concentration remaining in solution was 

measured once the equilibrium time was reached (1h), by using a fluoride selective electrode at 

constant temperature of 298.15K (see Methodology).  

Experimental data for fluoride adsorption by both HAM type A and type B have been fitted with 

Langmuir and Freundlich isotherms (Figure 3.10), the obtained parameters are summarized in 

Table 3.5. 

 
Figure 3.10. Experimental fluoride adsorption isotherms presenting the experimental data fitted with 
Langmuir (green line) and Freundlich (dashed red line) models with 1h between injections for type  
A and B. 

As it can be seen by the correlation coefficient (Table 3.5), experimental data are better 

represented by Langmuir model than Freundlich model, suggesting the presence of homogeneous 

adsorption, where all the fluoride ions  a microspheres form a monolayer on the surface.  
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HAM 

 Langmuir equation Freundlich equation 

Qmax  
(mol g-1) 

b 
(M-1) log b R2 n Kf  

(L mmol-1 g-1) R2 

A 0.026 ±0.001 4563 ±486 3.66 ±0.11 0.979 5.9 ±0.5 20.2 ±0.3 0.871 

B 0.020 ±0.001 598 ±100 2.78 ±0.17 0.967 2.3 ±0.1 7.6 ±0.3 0.895 

Table 3.5. Langmuir and Freundlich isotherm parameters for fluoride adsorption by HAM of type A and B with 
different experimental conditions. 

Comparing the adsorption constant of HAM type A and type B, Langmuir constant obtained for type 

A is significantly higher than that obtained for type B (~1 order of magnitude, Table 3.5), indicating 

that the synthetic protocol has an important effect on this parameter. While the difference in the 

BET surface areas of both samples is not remarkable, DLS experiments evidenced higher particle 

aggregation in type B (Figure 3.6 and Table 3.3). Attending the premises mentioned in section 2.3 

(X-ray diffraction), it seems that the higher efficiency in fluoride removal for type A than type B is 

mainly due to the different crystallinity of the two samples, as previously found in the literature.13–

15   

Crystalline materials used as adsorbent often suffer from disadvantages related to low adsorption 

capacity and high cost because of the high crystallinity and less porous structure, while amorphous 

adsorbents may present higher adsorption capacity because of their porous and highly hydrated 

structure, allowing the ions diffusion into the structure rather than the restricted external surface 

sites.9–11 Hence, the low crystallinity of alumina-based materials seems to be an advantage for their 

adsorption capacity.11,13,15 According to the aforementioned observations, HAM type A seems the 

most efficient material for fluoride adsorption.  

The   Qmax of the material results higher for sample A than sample B, being 0.026 and 0.020 moles 

of fluoride per gram of material, respectively (Table 3.5).  

Additional potentiometric experiments have been performed in order to complete the adsorption 

studies; (i) potentiometric titrations for uncalcinated HAM, to verify that the synthesized material 

is higher effective after the thermal process (ii) potentiometric batch titrations (type A), to 

corroborate that the results are the same in batch and continuous titrations, (iii) potentiometric 

titrations with 12h delay between additions (type A), in order to study the adsorption of fluoride at 

long times. The obtained results regarding these additional experiments (ii) and (iii) are summarized 

in Table 3.6.  

Concerning the experiment performed with uncalcinated HAM, it has been observed that the 

fluoride adsorption was significantly lower, with a maximum loading observed ~ 0.08 millimoles of 
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fluoride per gram of adsorbent. This confirms the importance of the calcination process during 

synthesis of the adsorbent material. 

In Figure 3.11 the experimental data obtained in the potentiometric batch experiments carried out 

for type A are represented. As can be seen, the obtained results (Figure 3.11 and Table 3.6) 

confirmed the values obtained previously in continuous titration experiments.  

 
Figure 3.11. Experimental fluoride adsorption data (batch method) fitted with Langmuir (green line) and 
Freundlich (dashed red line) models with 1h of contact time (type A sample). 

The potentiometric experiments with 12h delay between additions (Figure 3.12) show an 

adsorption constant quite similar to that obtained with a 1h delay, while the loading capacity is 

~50% larger (Table 3.6). However, long time should be needed to reach such adsorption levels, 

which would not be practical and effective for a real application of the material. 

  
Figure 3.12. Fluoride adsorption data presenting fitted with Langmuir (green line) and Freundlich (dashed red 
line) models with 12h delay between injections (type A sample). 
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Exp. 

 Langmuir equation  Freundlich equation 

Qmax  
(mol·g-1) b(M-1) log b R2 n Kf  

(L·mmol-1 g-1) log Kf R2 

Batch 0.022 ±0.001 3308 ±646 3.52 ±0.02 0.997 4 ±1 15 ±2 1.18 ±0.13 0.883 

12h delay 0.055 ±0.001 4820 ±393 368 ±0.08 0.999 4.4 ±0.6 42 ±1 1.62 ±0.02 0.847 

Table 3.6. Langmuir and Freundlich isotherm parameters for fluoride adsorption by HAM of type A with batch 
method with 1h as contact time, with 12h as a delay time.  

 

3.2.2.3. Thermodynamic parameters 

ITC provided the heat evolved following adsorption process of fluoride on HAM type A and type B. 

Then, with the loading capacity and adsorption constant obtained by potentiometry, the  

∆Hads (kJ mol-1) value has been calculated as the best fit of the experimental heat for the F- 

adsorption, according to the modified Langmuir isotherm (Eq. 2.14, methodology chapter). In 

Figure 3.13 experimental and calculated qcum values for type A and B are represented. It may be 

appreciated that, for type B, after the third injection the heat flow measured for the remaining 

injections corresponds to the dilution heat indicating that the adsorption process is finished, while 

for type A 6 injections are needed. It is also evidenced that the total heat evolved in fluoride 

adsorption in type A is higher than in type B, which confirms that type A is a more efficient 

adsorbent for fluoride removal than type B.   

 
Figure 3.13. Experimental calorimetric data fitted with calorimetric Langmuir isotherm (line) for type A (blue) 
and B (green) HAM. 

The thermodynamic parameters obtained for the adsorption process of fluoride on HAM (type A 

and B) are summarized in Table 3.7. 

Type ∆Gads 

(kJ mol-1) 
∆Hads 

(kJ mol-1) 
T∆Sads 

(kJ mol-1) 
HAM A -20.9 ±0.2 kJ mol-1 -17.7 ±0.6 kJ mol-1 3.2 ±0.8 kJ mol-1 

HAM B -15.8 ±0.4 kJ mol-1 -13.3 ±0.9 kJ mol-1 2.5 ±1.3 kJ mol-1 

Table 3.7. Thermodynamics of fluoride adsorption process onto HAM. 
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It may be observed that the adsorption process is spontaneous and clearly exothermic for both 

type A and B samples (Table 3.7). Exothermic enthalpies generally are related to physical adsorption 

processes,16 and typically ΔHads for physical adsorption assume values from −4 to  

−40 kJ mol−1.16 Therefore, the obtained results claim a physical process of the adsorption of fluoride 

on both HAM. 

The adsorption enthalpy obtained for type B (ΔHads = -13.3 ±0.9 kJ mol-1) is less negative than the 

value obtained for type A (ΔHads = -17.7 ±0.6 kJ mol-1). The difference in the ΔHads values obtained 

for the two types of HAM is 4.4 kJ mol-1, which is not large, but not even negligible. It is interesting 

to note that the TΔSads values (Table 3.7) are quite similar for the two materials (+3.2 and  

+2.5 kJ mol-1 for type A and B respectively), indicating that the adsorption process takes place with 

a slightly positive entropy change, related to the desolvation process of fluoride when adsorbing 

on the microspheres surface. When F- ions are adsorbed, the molecules that solvate the anion are 

free, increasing the entropy of the system. This positive entropy change is in agreement with 

previous results adsorption of metal cations17,18 and reflects the increase disorder due to charge 

neutralization and desolvation of the fluoride anion. 

 

To compare our method for the determination of ∆Hads with the standard van’t Hoff interpolation 

(Eq. 1.3, Introduction chapter) normally used in previous works,7,19–27 the adsorption parameters 

were calculated for HAM (type A) also at 318 K (Table 3.8).  

Temp. 
(K) 

 Langmuir equation  Freundlich equation 

Qmax  
(mol g-1) b(M-1) log b R2 n Kf  

(L mmol-1 g-1) log Kf R2 

318.15 0.039 ±0.002 4165 ±794 3.62 ±0.19 0.961 3.1 ±0.5 31 ±1 1.49 ±0.03 0.721 
298.15 0.026 ±0.001 4563 ±486 3.66 ±0.11 0.979 5.9 ±0.5 20.2 ±0.3 1.31 ±0.01 0.871 

Table 3.8. Fluoride adsorption parameters found at different temperatures. 

The obtained ∆Hads calculated by van’t Hoff equation; ∆Hads ~-4 kJ mol-1, is less negative than the 

same value obtained by ITC experiments. However, it should be considered that when ∆Hads is 

determined using van’t Hoff equation the propagated uncertainty on the ∆Hads values can be large. 

Thus, an ideal ∆Hads determined by van't Hoff equation should be calculated using very precise 

values of equilibrium constants and in a large range of temperature where, on the other hand, the 

heat capacity is not rigorously constant. Therefore, the direct determination of the heat exchanged 

by ITC seems to be the sole way to obtain reliable heats of adsorption and calculate ∆Hads values.  
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3.2.2.4. Comparison with literature data 

A wide range of adsorbent materials for water defluoridation have been tested, from biosorbents 

to engineered materials. Some of the most representative alumina-based materials are 

summarized in Errore. L'origine riferimento non è stata trovata.,7,15,19–24,28–33 to compare our material 

with the most similar adsorbents reported. In Errore. L'origine riferimento non è stata trovata. some 

selected non-alumina-based materials features are reported,25–27,34–38 for comparison with other 

available materials. 

It may be observed that the maximum loading capacities of the studied materials (Qmax) results 

higher than those found for other alumina-based adsorbents (Errore. L'origine riferimento non è 

stata trovata.) and for other adsorbent materials (Errore. L'origine riferimento non è stata trovata.).  

Most of the works studied the fluoride removal with F- concentrations lower than in the present 

work: taking into account that the effluents of industries that contribute in the release of fluoride 

on the environment reach concentrations of thousands of mg F- L-1,39  it is important to investigate 

the behavior of the adsorbent materials also at high fluoride concentrations. 

Moreover, several studies on fluoride adsorption at high concentrations26,28,33,37,38 can be found in 

the literature. The adsorption capacity is comparable with our adsorbent material just in one case.28  

The high efficiency of the HAM could be associated to the structure of the hierarchical material. As 

mentioned before,35 the mesoporosity and the high surface area gives to the material a high 

number of active sites. In addition, hierarchical materials avoid the aggregation of the 

nanoplatelets, thus favouring the exposure of their entire surface to adsorb F-.  

A remarkable parameter obtained in this work is the ΔHads; the enthalpy associated to the 

adsorption process is quite significant since it allows the design of the best conditions both for the 

uptake and for the eventual successive release of a given chemical species. In previous works,7,19–

27,38  the enthalpy related to de fluoride adsorption process has been always calculated by the van’t 

Hoff equation, and the values were quite scattered and either positive or negative (Errore. L'origine 

riferimento non è stata trovata. and Errore. L'origine riferimento non è stata trovata.).  

The determination of reproducible ΔHads for the synthesized materials HAM type A and B should be 

of great help for the best design of the adsorption/desorption system. In this work, ΔHads has been 

determined by ITC with the aim to provide more accurate and robust thermodynamic parameters 

for fluoride adsorption on HAM.  
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Adsorbent Particle size Initial F- (mM) Adsorbent 
dosage (g L-1) 

pH Temp. 
 (K) 

Contact time 
(h) 

Adsorption capacity 
(mmol g-1)  

b 
 (M-1) 

∆Hads  
(kJ mol-1) 

Ref. 

Nano alumina - 0.05 – 5.3 
(1 - 100mg L-1) 1.0 6.15 298 24 0.8 

(15.43mg g-1) 3240 14.8 21 

Aluminum hydroxide - - 0.5 4 303 2 3.4 
(63.5mg g-1) 

623.7 
(0.033L mg-1) -18.45 7 

Fe3O4@Al(OH)3 240-340nm 0 – 8.5 
(0 - 160mg L-1) 1.0 6.5 298 1 4.7 

(88.48mg g-1) 
5557 

(0.2L mg-1) 6.8 19 

Mesoporous calcium-
doped alumina - 0.1 – 52.9 

(2 - 1000mg L-1) 0.1  6.5 298 12 23.8 
(450mg g-1) - - 28 

Al2O3 12-15µm 0.5 – 7.9 
(10 - 150mg L-1) 1.0 6 298 48 4.4 

(83.33mg g-1) 
37800 

(2.000L mg-1) 36.66 22 

Ordered mesoporous 
alumina 300-800nm 0.3 – 10.6 

(5 - 200mg L-1) 0.5 6 298 12 7.1 
(135mg g-1) 

13854 
(0.733L mg-1) - 30 

Heated nano-gibbsite - 0.263 - 3.947  2.0 6.0 4 4 1.6 
(30.55mg g-1) 0.272 - 29 

Natroalunite microtubes - 0.3 – 10.6 
 (5 - 200mg L-1) 1.0 7.0 298 24 4.5 

(85.84mg g-1) 3.750 -30.80 23 

Amorphous aluminum 
oxide microspheres - 0.3 – 7.9 

(5 - 150mg L-1) 0.5 7.0 298 - 6.7 
 (126.90mg g-1) 

7938 
(0.42L mg-1) - 15 

Chitosan based 
mesoporous alumina - - 2.0 6.8 303 24 0.4 

(8.264mg g-1) 
2319 

(0.1227L mg-1) -0.8 20 

Tea-APAM-Al - 0.3 – 10.6 
(5 - 200mg L-1) 1.0 5.0 308 3 2.2 

(42.14mg g-1) 
1767.1 

 (0.09350L mg-1) - 31 

Tea-Al-Fe  - 0.5 – 10.5 
(10 - 200mg L-1) 2.0 7.0 298 2 1.0 

 (18.52mg g-1) 
1051.9 

(0.05537L mg-1) - 32 

Al2O3–ZrO2 - 2.6 – 7.9 
(50 - 150mg L-1) 1.0 2.0 318 4 6.0 

(114.54mg g-1) 
228.0 

(0.012L mg-1) -2.414 24 

CaO-Activated Alumina - 0.05 – 52.9 
(1 - 1000mg L-1) 6.6 5.5 298 48 5.3 

(101.01mg g-1) 
930.9 

(0.049L mg-1)  33 

HAM type A 900nm 2.0 - 16.0 0.5 5.5 298.15 12a 55.0  4820 - Present 
work 

HAM type A 900nm 2.0 - 16.0 0.5 5.5 298.15 1a 26.0 4563 -17.7 ±0.6 Present 
work 

HAM type B 900nm 2.0 - 16.0 0.5 5.5 298.15 1a 20.4 598 -13.3 ±0.9 Present 
work 

Table 3.9. Fluoride removal parameters for several alumina-based adsorbents. In parentheses, the original values in the cited references are reported. aDelay time between 
fluoride solution additions. 
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Adsorbent Particle size Initial F- (mM) Adsorbent dosage 
(g L-1) pH Temp. 

 (K) 
Contact time 

(h) 
Adsorption capacity 

(mmol g-1)  
b 

 (M-1) 
∆Hads  

(kJ mol-1) Ref. 

Clay - 1.2 – 124.2 
(23.6 - 2360mg L-1) 33.3 2-3 298 48-96 4.9 

 (93.45mg g-1) 
93.28 

(4.91E-3L mg-1) - 37 

Waste mud - 0.3 – 50.0 
(5 - 950 mgL-1) 1.0 5.0 293 1 2.5 

 (46.7mg g-1) 
1489.5 

(0.0784L mg-1) 11.18 38 

Nanomagnetite  
graphite –La  - 0.1 – 12.9 

(1.97 - 244.6mg L-1) 0.2 7.0 298 24 4.1 
 (77.12 mg g-1) 

718.2 
(0.038L mg-1) 21.13 26 

Mixed-phase nano 
iron oxides 50-200nm 0.5 – 5.3 

(10 - 100mg L-1) 1.2 7.0 298 8 2.8 
(53.19mg g-1) 

1.1 
(0.06L g-1) -94.67 25 

Bone char - 0.1 – 1.1 
(1 - 20mg L-1) 1.0 5.0 298 120-168 0.4 

(7.74mg g-1) 
29447.4 

(1.55L mg-1) - 34 

MgO microspheres - - 1.0 7.0 298 12 6.1 
(115.5mg g-1) 

1481.9 
(0.078L mg-1) - 35 

Magnetic cationic 
hydrogel - La - 0 – 4.2 

(0 - 80mg L-1) 0.3 7.0 298 0.17 7.9 
(149.99mg g-1) 

7219.4 
(0.38L mg-1) - 36 

UiO-66-NH2 100nm 0.5 – 3.7 
(10 - 70mg L-1) 0.5 - 293 2 3.1 

(58.82mg g-1) 
6725.4 

(0.354L mg-1) 
-28.21 27 

HAM type A 900nm 2.0 - 16.0 0.5 5.5 298.15 12a 55.0  
(1.0g g-1) 4820 - Present 

work 

HAM type A 900nm 2.0 - 16.0 0.5 5.5 298.15 1a 26.0 
(491.4mg g-1) 4563 -17.7 ±0.6 Present 

work 

HAM type B 900nm 2.0 - 16.0 0.5 5.5 298.15 1a 20.4 
(385.6mg g-1) 598 -13.3 ±0.9 Present 

work 

Table 3.10. Fluoride removal parameters for several adsorbing materials (data relative to the HAM prepared in this work are also recalled for comparison). In parentheses, the 
original values in the cited references are reported. a Delay time between fluoride solution additions. 
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3.2.3. Conclusions 

New HAM adsorbents have been synthesized and used for fluoride removal. SEM, TEM, BET and 

XRD diffraction studies reveal a high porous structure of amorphous alumina. The two types show 

similar physical characteristics with small differences in pore size and specific surface area. The 

main difference between the two samples is the presence of crystalline phase, smaller pore size 

and higher surface area in the one prepared with a shorter microwave treatment (type A). The 

kinetic study reveals a bi-exponential model indicating a two-step process for fluoride adsorption.  

Fluoride adsorption experiments evidenced that the amorphous HAM (type A) have a superior 

affinity for F- ion than type B, being the Langmuir constant about 1 order of magnitude higher. 

Adsorption experiments have shown that synthesized materials have a high efficiency towards 

defluoridation, with a maximum loading capacity of 0.026 moles of fluoride per gram of material 

after 1h contact time, which is significantly better than most other materials reported in the 

literature. Therefore, the high defluoridation capacity shown by the reported results on HAM, 

makes these materials potential candidates for wastewater treatment. 

The combined potentiometric-ITC method has been used to calculate the adsorption parameters 

and, for the first time, to obtain the ∆Hads value by direct measurement of the heat associated to 

the process. Contrarily to the data presented in most previous works, clearly negative enthalpy 

values for fluoride adsorption are obtained. However, also exothermic processes have found in the 

literature. Several investigations revealed serious discrepancies between the enthalpy calculated 

by van't Hoff equation or by ITC, related to the propagated uncertainties of the equilibrium 

constant and the variations in the heat capacity at different temperatures. Therefore, ITC is a good 

tool to measure the Hads with excellent accuracy. 
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3.3. METAL IONS REMOVAL WITH SUPERPARAMAGNETIC IRON OXIDE 

NANOPARTICLES FUNCTIONALIZED WITH SULPHUR CONTAINING LIGANDS 

In the next section, the study of HM and PM adsorption on modified SPION is described, including 

the characterization of the coated SPION and the adsorption study of Hg(II), Pb(II), Cr(VI), Cd(II), 

Ag(I) and Pt(IV) on the obtained material. A brief scheme of the work is presented in Figure 3.14 

 

Figure 3.14. Schematic representation of the developed study of metal adsorption on functionalized SPION. 
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3.3.1. Characterization of the adsorbent material 

In the present section, the characterization consisted in the determination of the presence of ligand 

on the surface of the SPION, which was verified by FT-IR and EDX performed by SEM and quantified 

by TGA, the morphology of the adsorbent, which was analysed by SEM and TEM, the determination 

of the specific surface area, determined by the study of N2 adsorption at -196ºC. Finally, DRX was 

used to define crystallinity of the material and DLS for determining the particles aggregation. The 

obtained results are summarized in the following section.  

 

3.3.1.1. Determination of SPION surface coating 

LIGAND ADDITION 

 FT-IR Spectra 

FT-IR analysis have been carried out in order to identify the functional groups coating the modified 

SPION surface and thus, verify the surface coating with 3-MPA and 3,3-TDPA. 

 
Figure 3.15. Spectrum of bare SPION, 3-MPA, and SPION coated 3-MPA. 

In Figure 3.15, the FT-IR spectra of SPION shows a band at 524cm-1, characteristic of  

Fe-O vibrations.40 The spectrum of the free ligand 3-MPA reveals a peak in 3100cm-1, which 

corresponds to the O-H vibrations, while the presence of the functional group S-H is evidenced by 

the two weak bands at 2669 cm-1 and 2573 cm-1. The strong band at 1710cm-1 identifies the C=O 

vibrations, and the two peaks at 1433cm-1 and 1251cm-1 are attributed to C-O-H stretching.  

The spectra of SPION@3-MPA is also represented in Figure 3.15. Since the 3-MPA ligand present 

two characteristic functional groups: -SH and –COOH, it would be expected that the thiol coated 

nanoparticles showed a stretching band near 2573cm-1, related to S-H stretching. However, 
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because of its weak intensity  it is typically not observed in thin films.40 On the other hand, also the 

strong band characteristic of C=O vibration is expected. Although this peak is not observed, when 

comparing with SPION spectra, two new bands at 1540cm-1 and 1400cm-1 are shown, 

corresponding to the COO- stretching. This indicates that the –COOH group became –COO- 

evidencing that the binding of the ligand to the SPION surface occurs through the carboxylate 

anion.40 

 
Figure 3.16. Spectrum of naked SPION, 3,3-TDPA, and SPION coated 3,3-TDPA. 

The spectra of the ligand 3,3-TDPA, present in Figure 3.16, show three characteristic peaks which 

correspond to  the O-H band around 2950cm-1, the C=O stretching at 1685cm-1 and the C-S 

vibration, characteristic of that ligand, observed at 660cm-1.41 

In the SPION@3,3-TDPA spectra, it would be expected to detect the two bands corresponding to 

the COO- vibrations evidencing the binding of the ligand to the SPION surface, as well as the band 

assigned to C-S vibration characteristic of 3,3-TDPA ligand: none of these bands is observed, it is 

only appreciated the Fe-O band around 524cm-1 as in bare-SPION spectra.  

Therefore, one can conclude that 3,3-TDPA functionalization was not successful. 

 Thermogravimetry  

TGA allowed the quantification of 3-MPA coating the SPION particles, by measuring the percentage 

of mass loss. In Figure 3.17 is observed an initial weight loss about 1% for both SPION and SPION@3-

MPA until 200°C, which is related to the loss of hydroxyl groups and/or adsorbed water.42 The 0.8% 

of weight loss for naked SPION above 200°C is related to the decomposition of amorphous iron 
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hydroxides followed by iron oxide formation,43 while the 12.9% of mass loss of the coated SPION is 

associated to the decomposition of the 3-MPA attached on the particles surface.43 Thus, TGA 

analysis confirm the functionalization of the NP with an amount of 1.4mmol g-1 of 3-MPA coating 

the SPION surface.  

 
Figure 3.17. TGA curves for SPION and SPION coated 3-MPA by ligand addition method. 

 Scanning Electron and Transmission Electron Microscopy  

SEM and TEM pictures of SPION@3-MPA are shown in Figure 3.18. In the SEM images (Figure 3.18-

A and B), a general view of the synthesized material is exhibit, where is observed that the particles 

are spherical with some aggregation, which could be related to the coating of the NP.  

TEM micrographs (Figure 3.18-C and D), illustrate the original size of the particles, with a mean 

diameter of 10-30nm. However, TEM analysis also confirms the existence of some aggregation. 

Although, EDX analysis confirmed the presence of sulphur on the adsorbent material, the coating 

layer on the magnetic particles was sufficiently thin that TEM was almost unable to detect its 

presence around the SPION core.  
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Figure 3.18. SEM and TEM micrographs of SPION@3-MPA. 

 

LIGAND EXCHANGE 

 FT-IR Spectra 

Each FT-IR spectrum of bare and coated SPION (Figure 3.19) shows a characteristic Fe-O band 

around 520cm-1.40 While the uncoated SPION does not show any other significant peak, the 

particular bands of COO- at 1500cm-1 and 1400cm-1 are observed for SPION@LA, SPION@3-MPA 

and SPION@3,3-TDPA spectrum, evidencing that the ligand binding to the surface by the 

carboxylate anion40 for LA, 3-MPA and 3,3-TDPA respectively. It is difficult to identify the 

functionalization of the modified SPION by ligand exchange method, thus, to assess the ligand 

exchange of LA with 3-MPA or 3,3-TDPA, changes in the spectra before and after such process were 

analysed. The SPION@LA spectrum, as well as the free ligand (LA), show distinctive C-H vibrations 
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at 2850cm-1 and 2915cm-1. The decreased or complete disappearance of such bands, as observed 

in SPION@3-MPA and SPION@3,3-TDPA spectra, indicate the surface ligand exchange.40  

 
Figure 3.19. FT-IR of the precursor and the exchanged ligands bonded to SPION surface. 

The above results of the preliminary analysis confirm the 3-MPA and 3,3-TDPA SPION coating by 

ligand exchange method. 

 Thermogravimetry  

The thermograms obtained for SPION@LA, SPION@3-MPA and SPION@3,3-TDPA as well as for 

uncoated SPION are presented in Figure 3.20. The weight loss observed until 200°C for bare and 

coated SPION is indicative to the removal of hydroxyl groups and/or adsorbed water.42 Above this  

temperature, the weight loss for uncoated SPION is related to the decomposition of amorphous 

iron hydroxides followed by iron oxide formation.43 The mass loss observed for coated SPION above 

200°C, arises from the decomposition of the organic ligand added to the SPION surface.43 TGA curve 

of SPION@LA shows a mass loss with two distinct steps; the first between 200°C and 400°C followed 

by a second decrease between 400°C and 700°C. This phenomena is related to the existence of two 

distinct populations of LA coated on the iron oxide surface, where the nanoparticles are coated 

with a well-organized surfactant bilayer of primary and secondary surfactants.44 The TGA analysis 

confirm the functionalization of SPION, in which the ligand amount coating SPION was 0.8mmol g-

1, 0.3mmol g-1 and 0.4mmol g-1 for LA, 3-MPA and 3,3-TDPA respectively. Notice that the amount 

of 3-MPA added to the SPION surface with ligand exchange method (0.3mmol g-1), is significantly 

lower than with ligand addition method (1.4mmol g-1).  
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Figure 3.20. TGA curves for SPION and SPION coated by ligand exchange method. 

 Scanning Electron Microscopy 

SEM analyses have been performed for SPION@3-MPA and SPION@3,3-TDPA, nevertheless the 

presence of sulphur atoms on the particle surface was not detected by the EDX analysis. It could be 

attributed to the low quantity of ligand coating the SPION surface, as observed by TGA analysis. 

Thus, there was no certainty that the ligand exchange method had worked; consequently, the 

ligand exchange methodology was discarded.  

The successive characterization of the material, as well as the adsorption experiments have been 

performed for SPION@3-MPA obtained by the functionalization by ligand addition method.  

 

3.3.1.2. Characterization of SPION@3-MPA 

 X-ray diffraction 

The crystalline properties of functionalized SPION have been analysed by XRD and are shown in 

Figure 3.21. The SPION@3-MPA difractograms exhibits a single phase analogous to the 

characteristic reflections of magnetite (Fe3O4), corresponding to the (111), (220), (311), (400), 

(422), (511) and (400) planes as confirmed by JCPDS database (JCPDS, Card N°19). This reveals that 

the 3-MPA coating does not result in the oxidation of the bare SPION. 
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Figure 3.21. XRD spectra for SPION@3-MPA and its crystallographic plans.  

 Surface area  

The BET surface area data for the bare and the coated SPION have been calculated from N2 

adsorption analysis at -196 °C. The BET surface area for bare SPION has been found to be  

92.3 m2 g-1, while resulted in 63.4m2 g-1 for SPION@3-MPA. Therefore, the BET analysis indicate 

that the BET surface area decreases when the particles are coated by the organic ligand. 

 Dynamic Light Scattering 

DLS measurement is shown in Figure 3.22, and presents a particle size distribution of ~800nm. 

Such value is much higher than the particle size viewed by TEM (between 10-30nm). This 

observation could result from the aggregation of the NP induced for the ligand coating, as detected 

in previous SEM and TEM analyses. 

 
Figure 3.22. DLS analysis for SPION@3-MPA. 

 Point of zero charge 

The pHpzc obtained for SPION@3-MPA was pHpzc = 4.0. Hence, pHpzc of the coated SPION shifted 

from 6.845 for uncoated SPION to 4.0 for the functionalized material. Therefore, as the working pH 
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(5.0) is higher than pHpzc (4.0), the SPION@3-MPA surface is negatively charged, meaning that the 

metals cations would be attracted by electrostatic forces.  

Adsorbent 
Particle 

size (TEM) 
(nm) 

Particle size 
distribution (DLS) 

(nm) 

Surface area 
(m2 g-1) 

3-MPA layer 
(mmol g-1) pHzpc 

SPION@3MPA 10-30 800 63.4 1.2 4 

Table 3.11. Summary of the SPION@3MPA characteristics obtained. 

In view of the results obtained, it may be claimed that 3-MPA is bounded to particles surface 

through the carboxylate anion following the mechanism46 shown below: 

 
where ≡Fe represents SPION surface.  

Figure 3.23. Functionalization mechanism of 3-MPA on SPION surface.46  

Such functionalization is promoted by the leaving group OH2 allowing the carboxylate binding to 

the SPION surface, increasing the amount of functionalized Fe atoms on the SPION surface.46  

 

3.3.2. Metal adsorption studies on SPION@3-MPA 

The next section describe the results obtained in the research of HM (Pb(II), Cr(VI), Cd(II), and Hg(II)) 

and PM (Ag(I) and Pt(IV)) adsorption on functionalized magnetic nanoparticles, characterizing the 

adsorption processes in terms of loading capacity and thermodynamic parameters. The scope of 

the presented research was not only the determination of thermodynamic parameters by a new 

experimental method, that combines ICP-OES and ITC, but the use of ITC as a screening of the 

adsorbent material. Thus, ITC provides information about the exchanged reaction heat, but also 

allows the comparison of the effectiveness of SPION@3-MPA as adsorbent towards the different 

studied metal ions. The details of the obtained results are described below.  

 

3.3.2.1. ITC for material screening 

Figure 3.24 displays ITC results of metal ions adsorption on SPION@3-MPA, where a higher thermal 

effect for Ag(I) and Hg(II) adsorption on coated SPION, followed by Pt (IV) > Cr(VI) ~ Pb(II) > Cd(II) 

may be observed. 
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Figure 3.24. Titration thermograms formed by the heats per unit of time released after the injection of 14µL 
of Ag(I), Hg(II), Cr(VI), Cd(II), Pb(II) or Pt(IV) solution into 0.7mL of 0.5g L-1 SPION@3-MPA suspension. 

In ITC measurements for Ag (I), Hg(II) and Pt(IV) adsorption, significant peaks are initially observed. 

Those are due to the heat exchange for the adsorption of the metal cations in SPION@3-MPA, while 

the other peaks show the dilution heat of the metal solution on the SPION@3-MPA suspension.  

Regarding the Cd(II) thermogram, the same small heat is released during the whole experiment, 

meaning that only dilution of Cd(II) solution on the SPION@3-MPA suspension is observed. Thus, 

that there is not detectable adsorption by ITC of such metal on SPION@3-MPA. 

In the titration of Cr(VI) on SPION@3-MPA suspension, a first intense peak is observed followed by 

minor peaks (related to dilution heat), indicating that most of the Cr(VI) ions are adsorbed in the 

first injection. It has to be considered that Cr(VI) in solution is found in different ionic forms 

depending on the pH conditions. At the working pH (pH=5), hydrochromate ion (HCrO4
-) is the 

predominating form.43 Therefore, as the pHpzc (pHpzc=4) of SPION@3-MPA is lower than the working 

pH (pH=5), the dominating charge on the adsorbent surface would be negative, resulting in a 

repulsion of the electrostatic interactions. 
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Finally, in the Pb(II) titration, change in the sign of the heat exchanged is observed. The first peaks 

shown a negative heat exchanged, indicating an endothermic adsorption process. However the 

intensity of such peaks is very low compared with those of Ag(I), Hg(II) or Pt(IV), showing a small 

adsorption of Pb(II) on SPION@3-MPA. Successive peaks show a positive heat exchange, and as in 

the other experiments, those peaks mean the dilution heat of the metal solution on the suspension.  

Therefore, a first and relatively simple screening of the SPION@3-MPA for the adsorption of 

different metals may be performed by ITC, in which the SPION@3-MPA displays the following 

selectivity order Ag(I) ~ Hg(II) > Pt(IV) > Cr(VI) ~ Pb(II) >> Cd(II). 

 
  

3.3.2.2. Metal adsorption isotherms  

Adsorption experiments for metal ions adsorption on SPION@3-MPA have been performed in 

batch conditions, where 10mL of metal concentration between 0.1-1mM have been mixed with 

5mg of SPION@3-MPA. Once the equilibrium time was expired, the magnetic adsorbent has been 

removed from the solution by the application of a magnetic field. The metal concentration 

remaining in solution was then analysed by ICP-OES, and the experimental data obtained have been 

fitted with Langmuir and Freundlich models in order to found the best description of the adsorption 

mechanism. The fitted isotherms are not shown with the aim of brevity; the obtained parameters 

are summarized in Table 3.12.   

As observed in ITC experiments, Cd(II) adsorption shows dilution heat for each injection of metal 

solution, indicating that there is no adsorption of such metal on SPION@3-MPA. Therefore, ICP 

experiments were not performed for Cd(II) adsorption.  

Metal pH  

  Langmuir equation Freundlich equation 

Qmax b 
log b R2 n 

Kf 
R2 

(mol g-1) (M-1) (L mmol-1 g-1) 

Pb(II) 5 0.00014 
±0.00001 

20799 
±7207 

4.3 
±0.3 0.986 4.4 ±0.9 0.16 

 ±0.01 0.943 

Cr(VI) 5 0.000127 
±0.000004 

50702 
±14115 

4.7 
±0.3 0.996 10 ±3 0.133 

 ±0.009 0.735 

Hg(II) 5 0.0017 
±0.0001 

137727 
±32392 

5.1 
±0.2 0.998 3.5 ±0.9 3.1  

±0.8 0.837 

Ag(I) 5 0.0015 
±0.0001 

92481 
±21320 

4.9 
±0.2 0.997 4 ±1 2.3  

±0.6 0.879 

Pt(IV) 3 0.00031 
±0.00001 

368483 
±129319 

5.6 
±0.3 0.997 12 ±2 0.342  

±0.008 0.951 

Table 3.12. Langmuir and Freundlich isotherm parameters for metal adsorption by SPION@3-MPA. 
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The correlation coefficient (R2) reported in Table 3.12, which is a measure of the goodness-of-fit, 

indicates that experimental data complies with Langmuir model better than Freundlich model for 

every metal, pointing out the homogeneity of the active sites of the thiolated SPION surface. 

In Figure 3.25 the Qmax obtained for each metal is represented, showing that Qmax is higher for Hg(II) 

~ Ag(I) than for the other metal ions, followed by Pt(IV), Pb(II) ~ Cr(VI) respectively. These results 

are in agreement with those observed by ITC, where the higher thermal effect was observed for 

Ag(I) and Hg(II).   

 
Figure 3.25. Comparison of Qmax of Ag(I), Hg(II), Pb(II), Cr(VI) and Pt(IV) on SPION@3-MPA. 

For the better understanding of the Qmax of SPION@3-MPA towards the different metal ions, is 

necessary to study the nature of the binding chemistry of the immobilized ligand with the different 

metal ions. As mentioned in the Introduction chapter (section 1.8.2.3), by considering the Pearson’s 

HSAB theory,47 a first approximation of the efficiency of the adsorbent towards the different metals 

adsorption may be performed. Where the Qmax of the material functionalized with a soft ligand 

(thiol) would be higher for soft metals, such as Hg(II) or Ag(I), and limited by ligand:metal 

stoichiometry.48 This approximation could be useful for “very soft” metals; however, for harder 

metal cations this prediction is not accurate. Misono softness parameter49  (see Introduction 

chapter, Eq. 1.4 in section 1.8.2.3), is a useful tool to quantify the “softness” of the metals (Table 

3.13).  

 
Misono softness 

parameter 
Qmax  

(meq g-1) 
Hg(II) 4.42 1.7 
Ag(I) 4.05 1.5 
Pb(II) 3.58 0.3 
Cd(II) 3.03 0 
Cr(VI) - - 
Pt(IV) - - 

Table 3.13. Loading capacity found for each metal cation along with the Misono softness parameter. 
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When plotting the calculated parameter against the Qmax of the adsorbent for each metal, a 

correlation may be found as presented in Figure 3.26, where is exhibited that a higher Misono 

parameter means a higher loading capacity. 

Notice that the correlation between Misono parameter and the Qmax of the adsorbent is  expressed 

in terms of milliequivalents per gram rather than millimoles per gram, indicating that charge 

accumulation at the interface is a significant consideration to determine the equilibrium.48 The 

accumulation of metal cations on the interface decreases the effective basicity of the thiol ligand 

field by shifting the equilibrium to alleviate the repulsive electropositive interactions between the 

cations. Such effect is higher for those metals with weaker binding affinities (lower Misono 

parameter), occurring the saturation at lower Qmax,48 as in the case of Pb(II) and Cd(II). This is why 

adsorption has been observed for Pb(II) but not for Cd(II), even though Pb(II) and Cd(II) show a small 

difference between their Misono parameters. On the contrary, Hg(II) and Ag(I) (higher Misono 

parameter) are less influenced for this effect, in consequence,  a significant higher Qmax for such 

metals has been obtained. 

 

Figure 3.26. Correlation between Misono softness parameter and loading capacity of the SPION@3-MPA. 

Comparing the “softer” metals, meaning those with higher Misono parameter (Hg(II) and Ag(I)), is 

observed a higher Qmax for Hg(II), in terms of milliequivalents per gram of adsorbent, as well as in 

terms of millimoles per gram of adsorbent. While the lower end of the binding curve is dominated 

by equilibrium effects, the upper end of the curve is limited by stoichiometry,48 meaning that Ag(I) 

is bound with a 1:1 stoichiometry, while Hg(II) should interact with two S atoms. However, 

considering that the adsorbent material contains 1.4mmol of ligand per gram of SPION, Hg(II) (Qmax 

=1.7mmol g-1 ) could be interacting with 1 thiol instead of two in agreement with other reported 

studies.50,51 
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On the other hand, Cr(VI) and Pt(IV) have not been compared with the Misono parameter because 

they are found in solution as hydrochromate and chloroplatinate respectively, thus, the binding 

chemistry of such complexes with SPION@3-MPA would be conditioned by other factors.  

At pH = 5 Cr(VI) is found in solution as HCrO4
-, therefore, there is a repulsion electrostatic 

interaction between the ion and the surface charged negatively, avoiding the adsorption of that 

metal. On the contrary, at pH = 3, the complex formed by Pt(IV) and Cl- is charged negatively, thus, 

it would be attracted by the positively charged surface favouring the recovery of Pt(IV) by 

SPION@3-MPA.  

 

3.3.2.3. Thermodynamic parameters 

ITC has measured the time-dependent evolution of the heat exchanged upon injections of an 

aliquot of metal ion solution into the SPION@3-MPA suspension. After the correction with the 

dilution heat of the metal solution on the SPION@3-MPA suspension, the heat change measured 

along with the Langmuir parameters provided by ICP-OES, have been fitted with the modified 

Langmuir isotherm (Eq.2.14, section 2.4) in order to determine the ∆Hads (kJ mol-1) for each metal. 

Figure 3.27 exhibits the experimental and calculated qcum values for each metal studied. It may be 

observed that the total heat evolved in Ag(I) and Hg(II) adsorption is significantly higher than for 

the other metals, confirming that the synthesized adsorbent is more efficient for Ag(I) and Hg(II) 

followed by Pt(IV), and Cr(VI) ≅ Pb(II) respectively.  

 
Figure 3.27. Experimental calorimetric data (points) fitted with calorimetric Langmuir isotherm (line) for Ag(I), 
Hg(II), Cr(VI), Pb(II) and Pt(IV). 
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The thermodynamic parameters obtained for metal adsorption process on SPION@3-MPA are 

summarized in Table 3.14 

Metal ∆Gads 

(kJ·mol-1) 
∆Hads 

(kJ·mol-1) 
∆Sads 

(J mol-1K-1) 
Ag(I)  -28.3 ±0.5   -27.2 ±0.7  4 ± 4 
Hg(II) -29.3 ±0.5 -16.0 ±0.6 44 ± 4 

Pb(II)  -24.6 ±0.8  6.5 ±0.1  104.5 ±0.9  

Cr(VI)  -26.9 ±0.7  -57.1 ±0.7  -101 ±1  

Pt(IV)  -31.8 ±0.9  -50 ±2  -81 ±2  

Table 3.14. Thermodynamic parameters obtained for metal adsorption on SPION@3-MPA. 

This reveals that the adsorption process is spontaneous for every metal and exothermic except for 

Pb(II). As mentioned in section 3.2.2.3, exothermic ∆Hads generally are related to physical adsorption 

processes.16 Nevertheless, other studies reported in the literature52,53 reveals several cases where 

an endothermic ∆Hads has been obtained for Pb(II) adsorption process. 

The results of this study show that the adsorption reaction takes place with a positive entropy 

change (ΔSads) for Ag(I), Hg(II) and Pb(II), indicating an increase of the randomness of solid-solution 

interface related to the desolvation process of the metal ions when adsorbing on the SPION@3-

MPA surface. Notice that the obtained ΔSads for the Ag(I) adsorption process is close to zero, 

indicating that the contribution of the entropy on the reaction is almost null. On the other hand, 

negative ΔSads values have been obtained for Cr(VI) and Pt(IV) adsorption. 

The ΔSads value may be used to indicate if the adsorption process is an associative or dissociative 

mechanism. When ΔSads becomes greater than -10 J mol-1 K-1, the dissociative mechanism becomes 

dominant, while for lower values agree with associative processes.53 Considering these premises, 

ΔSads greater than -10 J mol-1 K-1 have been obtained for Ag(I), Hg(II) and Pb(II), implying a 

dissociative mechanism. On the contrary, lower ΔSads values resulted for Cr(VI) and Pt(IV), indicating 

that an associative mechanism is involved in their adsorption process. 

The ΔHads related to the metal adsorption have been calculated by van’t Hoff equation in most of 

the studies.52,54 Considering the large uncertainties that such method present on the obtained 

result, the direct determination of the heat exchanged by ITC seems to be the sole way to obtain 

reliable heats of adsorption and calculate more accurate and robust ∆Hads values. 

 

3.3.2.4. Comparison with the literature 

Nowadays, the utilization of several adsorbent materials for the sequestration of HM (due to their 

risk for human beings) and PM (because of the increasing demand of such metals combined with 
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their limited resources available) has been studied. The Table 3.15, 50,52,54–60 gives a comparison 

between the affinity of SPION@3-MPA prepared in this thesis and some thiol-functionalized 

adsorbents reported in the literature for the adsorption of HM and PM.  

The synthesized SPION@3-MPA shows better affinity for Ag(I) (1.5mmol g-1) than  the azole 

modified chitosan54 (1.40 mmol g-1) or the thiol-functionalized silica55 (0.70mmol g-1). While exhibit 

a lower adsorption capacity regarding Pt(IV) adsorption compared with other adsorbents.  

The Qmax obtained for Hg(II) adsorption is higher than other materials reported in the literature, 

showing a higher affinity, when comparing SPION@3-MPA with thiol functionalized silica56 or 

respect Fe3O4@SiO2–SH50. Therefore, the difference between the Qmax of synthesized material 

compared with those available in the literature, means that the SPION@3-MPA is a competitive 

material for Hg(II) adsorption.  

Regarding Cr(VI) and Pb(II), the adsorption efficiency of prepared SPION@3-MPA is comparable 

with those materials found in the literature.52,56–58 SPION@3-MPA present a high efficiency towards 

Cr(VI) (0.127mmol g-1) compared with mercapto functionalized silica58 (0.10mmol g-1) but it is lower 

when compared to mercapto functionalized sepiolite57 (0.16mmol g-1). The same situation is 

observed when comparing the loading capacity for Pb(II) adsorption. SPION@3-MPA shows a 

higher value (0.14mmol g-1) contrasted with thiol functionalized silica56 (0.08mmol g-1), however, 

other materials such as mercapto functionalized sepiolite52 exhibit a higher efficiency  

(0.461mmol g-1) than the synthesized material.  

Notice that most of the materials that has reported a better efficiency than SPION@3-MPA, also 

show significantly higher amount of sulphur present in the adsorbent than for the synthesized 

material of this work. The amount of ligand on the adsorbent surface is a decisive factor for the 

chelate ability of the material. Hence, the capacity of an adsorbent to remove metallic ions from 

water will be limited by the amount of functional groups available to trap them. 

It should be also highlighted that most of the materials reported in Table 3.15 present higher 

contact times than those applied in this study. Since the time taken for metal ions adsorption is of 

considerable importance for possible applications, the SPION@3-MPA presented in this work, 

seems to be the most effective with the minor time.       
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Metal Adsorbent S %  
(mmol g-1) 

Initial Mn+  
(mM) 

Adsorbent dosage  
(g L-1) pH 

Temp. Contact time  
(h) 

Adsorption capacity b ∆Hads Ref. 
(K) (mmol g-1) (M-1) (kJ mol-1) 

Ag(I) Chitosan/azole 2.7 - 100.0 6.7 298 6 1.40 601 -15.5 54 

Ag(I) Thiol functionalized 
silica 

1.2 
(3.79%) 

0.9 - 13.3 
(96-1436mg L-1) 6.7 6.0 298 48 0.703 

(75.8 mg g-1) - - 55 

Ag(I) SPION@3-MPA 1.4 0.1 - 1.0 0.5 5.0 298 1a 1.5 ±0.1 92481 ±21320 -27.2 ±0.7 This 
work 

Pb(II) 
Mercapto 

functionalized 
sepiolite 

1.6 0 - 0.9  
(0 180mg L-1) 1.0 - 299 24 0.46 

(95.50mg g-1) (0.12mg-1) 33.6 52 

Pb(II) Thiol functionalized 
silica - - 10.0 - 298 24 0.08 

(17.1541mg g-1) 
14110  

(0.0681L mg-1) - 56 

Pb(II) SPION@3-MPA 1.4 0.1 - 1.0 0.5 5.0 298 1a 0.14 ±0.01 20799 ±7168 -24.6 ±0.8 This 
work 

Cr (VI) 
Mercapto 

functionalized 
sepiolite 

- 0.1 - 2.0  
(5-100mg L-1) 4.0 4.5 298 - 0.16 

(8.253mg g-1) 
1924  

(0.037 L mg-1) - 57 

Cr (VI) Mercapto 
functionalized silica 2.1 0.1 - 3.0 10.0 6.0 room 24 0.10 - - 58 

Cr (VI) SPION@3-MPA 1.4 0.1 - 1.0 0.5 5.0 298 1a 0.127 ±0.004 50702 ±14115 -57.1 ±0.7 This 
work 

Hg (II) Fe3O4@SiO2–SH 0.8 
(2.64%) 

0.02 - 0.50  
(5-100mg L-1) 0.2 6.5 303 4 0.74 

(148.8mg g-1) 
155  

(1.290 g L-1) - 50 

Hg (II) Thiol functionalized 
silica - - 10.0 - 298 24 0.93 

(186.4019mg g-1) 
14322 

(0.0714 L mg-1) - 56 

Hg (II) SPION@3-MPA 1.4 0.1 - 1.0 0.5 5.0 298 1a 1.7 137727 ±32392 -16.0 ±0.6 This 
work 

Pt(IV) Thiolated 
mesoporous silicas 

2.4 
(7.59%) - 1.0 2.0 298 48 1.19  

(232.6mg g-1) 
2898948  

(14.86L mg-1) - 59 

Pt(IV) Straw-SH 2.71 
(8.70%) - - 1.0 room 24 1.95 

(380mg g-1) - Exothermic 60 

Pt(IV) SPION@3-MPA 1.4 0.1 - 1.0 0.5 3.0 298 2a 0.31 ±0.01 368483 ±129319 -50 ±2 This 
work 

Table 3.15. Parameters of metal adsorption for several thiol-functionalized adsorbents. In parentheses, the original values in the cited references are reported. aDelay time 
between metal solution additions.
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3.3.3. Conclusions 

The ligand employed in this work (3-MPA) has been selected for its possible capabilities as chelator 

of HM and PM. In addition, the proposed synthesis does not need to use a great quantity of 

reactants and the ligand can be purchased in their usable form. Finally, the prepared nanoparticles 

functionalized with the thiol containing ligand, are easily dispersed in water for their use and also 

easily recovered from the aqueous media with the application of a magnetic field. 

Both Langmuir and Freundlich models have been used to describe the metal adsorption process, 

characterizing the relationship between the metal adsorbed and the concentration remaining in 

solution. Langmuir model represents better experimental data for each studied metal, meaning a 

homogeneous adsorption.  

The trend of adsorption observed by ITC for SPION@3-MPA was higher for Ag(I) and Hg(II) followed 

by Pt(IV) > Cr(VI) ~ Pb(II) >> Cd(II). Such results have been confirmed by ICP-OES, evidencing that 

ITC is a good tool for adsorbent screening. They also are in agreement with the relation of the 

binding of metal cations to the thiolated surface determined by the Misono softness parameter.  

SPION@3-MPA is a competitive adsorbent for Ag(I), Hg(II) and Pb(II) comparable to several 

adsorbents found in the literature, with a maximum loading capacity of 1.7mmol of Hg(II) per gram 

of adsorbent. Cr(VI) anionic species are poorly adsorbed due to the repulsive electrostatic 

interactions between the anion and the surface negatively charged of the particles. While the 

recovery of Pt(IV) occurs dominantly by electrostatic attraction of the anionic chloroplatinate and 

the protonated thiol groups of the SPION@3-MPA. 

This study proposed not only a method for metal removal, but also a new methodology for metal 

adsorption study by a novel combination of ITC and ICP-OES, which provides accurate 

thermodynamic parameters. 
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In this PhD thesis, synthesized nanostructured materials have been applied for the 

adsorption of pollutants such as fluoride, HM and  PM  from aqueous media. These 

materials have been chosen because of the high surface area that they offer in a very small 

volume. Therefore, they present ideal characteristics as adsorbent materials for the 

treatment of wastewater. This thesis work has been divided in two main sections, the first 

one regards the fluoride adsorption on HAM, while the second one focuses on the removal 

of heavy and precious metals by using functionalized SPION as adsorbent material.  

In both cases the adsorption process has been described in terms of loading capacity and 

thermodynamic parameters. The loading capacity has been determined by standard 

methods, while the adsorption enthalpy has been determined directly by Isothermal 

Titration Calorimetry. In previous works reported in the literature, the enthalpy related to 

the pollutant adsorption process has been always calculated by van’t Hoff equation. 

However, several studies evidenced the large uncertainties of such method. Therefore, ITC 

is a good tool for the determination of the adsorption enthalpy, providing more accurate 

and robust thermodynamic parameters.  

The main conclusions for the study of the adsorption of fluoride on HAM are: 

- Two new HAM adsorbents have been synthesized and used for fluoride removal.  

- The characterization of the materials reveal a high porous structure of amorphous alumina for 

both HAM, differing mostly in crystallinity (being type A less crystalline).  

- The kinetic study reveals a bi-exponential model indicating a two-step process for fluoride 

adsorption.  

- The adsorption experiments evidenced that the amorphous HAM (type A) have a superior 

affinity for F- ion than type B, being the Langmuir constant about 1 order of magnitude higher.  

- A high efficiency towards defluoridation has been obtained, with a maximum loading capacity 

of 0.026 moles of fluoride per gram of material, which is significantly better than other 

materials reported in the literature. 

- The combined potentiometric-ITC method has been used to calculate the adsorption 

parameters and, for the first time, to obtain the ∆Hads value by direct measurement of the heat 

associated to the process.  

- Clearly negative enthalpy values for fluoride adsorption are obtained.  

- Several investigations revealed serious discrepancies between the enthalpy calculated by van't 

Hoff equation or by ITC, related to the propagated uncertainties of the equilibrium constant 
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and the variations in the heat capacity at different temperatures. Therefore, ITC is a good tool 

to measure the Hads with excellent accuracy. 

Regarding the study of HM and PM on functionalized SPION, it may be concluded: 

- The ligand employed in this work (3-MPA) has been selected for its possible capabilities as 

chelator of HM and PM. 

- The prepared modified nanoparticles, are easily dispersed in water for their use and also easily 

recovered from the aqueous media with the application of a magnetic field. 

- Both Langmuir and Freundlich models have been used to describe the metal adsorption 

process, being the Langmuir isotherm the better representation of experimental data for each 

studied metal (meaning a homogeneous adsorption).  

- The trend of adsorption observed by ITC for SPION@3-MPA was a higher thermal effect for 

Ag(I)  and Hg(II), followed by Pt(IV) > Cr(VI) ~ Pb(II) >> Cd(II).  

- Calorimetric results have been confirmed by ICP-OES, evidencing that ITC is a good tool for 

adsorbent screening. 

- SPION@3-MPA is a competitive adsorbent for Ag(I), Hg(II) and Pb(II) comparable to several 

adsorbents found in the literature, with a maximum loading capacity of 1.7mmol of Hg(II) per 

gram of adsorbent.  

- Cr(VI) anionic species are poorly adsorbed due to the repulsive electrostatic interactions 

between the anion and the surface negatively charged of the particles.  

- The recovery of Pt(IV) occurs dominantly by electrostatic attraction of the anionic 

chloroplatinate and the protonated thiol groups of the SPION@3-MPA. 

- This study proposed not only a method for metal removal, but also a new methodology for 

metal adsorption study by a novel combination of ITC and ICP-OES, which provides accurate 

thermodynamic parameters. 
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adsorption by mesoporous
hierarchical alumina microspheres†

Sara Gràcia Lanas,a Manuel Valiente,b Eleonora Aneggi,a Alessandro Trovarelli,a

Marilena Tolazzia and Andrea Melchior*a

Mesoporous Hierarchical Alumina Microspheres (HAM) with high efficiency for fluoride removal have been

synthesized and characterized. Two types of HAM, differingmostly in crystallinity, surface area and pore size

have been obtained. Fluoride adsorption studies have been carried out by means of potentiometry and

Isothermal Titration Calorimetry (ITC). The latter method has been applied for the first time to obtain

direct determination of the adsorption enthalpy (DHads) of F
� ion on HAM. The kinetics of the reaction

revealed a two-step process for fluoride adsorption on the adsorbent material. The DHads values

obtained are clearly negative for the different samples investigated. Experimental adsorption data are

well fitted by a Langmuir isotherm. The adsorption constant obtained for type A is 1 order of magnitude

higher than for type B, showing that the synthetic protocol has a remarkable effect on this parameter.

The highest defluoridation capacity reaches 26 mmol g�1 after 1 hour of equilibration for the amorphous

HAM, which is higher than for other adsorbents reported in the literature.
Introduction

Groundwater contamination by uoride is recognized as
a serious problem worldwide, as uoride can be toxic to
humans in the case of chronic exposure to elevated concentra-
tions.1 Minerals containing uoride are used by industries for
several purposes such as glass and ceramic production, semi-
conductor manufacturing, brick and iron works, aluminum
smelters and phosphate fertilizers.1,2 Aside from natural
geological uoride enrichment of groundwater, anthropogenic
contamination can elevate uoride concentrations from ten to
thousands of mg L�1, much higher than the standard level
recommended by the World Health Organization (1.5 mg L�1).1

Fluoride absorbed by consumption of contaminated water is
rapidly distributed through the body and integrated into the
teeth and bones. The prolonged assumption of uoride can
cause several diseases, such as skeletal uorosis.1 Many health
issues caused by uoride consumption are irreversible,3 thus it is
necessary to control the uoride concentration in drinking water.

The available water deuoridation methods include:
adsorption,3–12 precipitation,13 electro-coagulation14 or ion-
exchange.15 Among these technologies, adsorption seems to be
most powerful method for uoride removal from contaminated
nologie Chimiche, Università di Udine, via

ail: andrea.melchior@uniud.it

versitat Autònoma de Barcelona, Campus

tion (ESI) available. See DOI:
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water, since it offers simplicity of plant design and lower energy
and operative costs.16

Several materials have been tested for water deuoridation,
for example alumina (Al2O3),7,17 biosorbents,18 clays19 and
composite materials.20 However, most of uoride sorption
methods are unable to reach the concentration limit requested
by international regulations (1.5 mg L�1)1 thus, the optimization
of materials for water deuoridation is still an actual challenge.

Alumina is recognized as one of the most effective materials
for uoride removal because of the high surface area and
porosity, thermal stability and low solubility in a wide pH
range.21 For this application, several mesoporous alumina-
based materials have been developed by modifying the orig-
inal substrate and showed interesting deuoridation
capacity.6,9,22–24

Hierarchically structured metal oxides have been recently
employed in a wide range of applications from adsorption,12,25,26

drug delivery,27 catalysis,28 to sensors29 and electronic conver-
sion and storage.30 Among them, alumina-based hierarchical
structures received a special attention due to its low cost and
eco-friendly properties.12

The scope of this work is to study uoride adsorption by high
surface hierarchical alumina microspheres (HAM) and charac-
terize the adsorption process in terms of loading capacity and
thermodynamics.

HAM have been prepared and characterized by modication
of standard methods, while adsorption studies have been
carried out using a unique experimental approach, which
combines potentiometry and Isothermal Titration Calorimetry
(ITC).
This journal is © The Royal Society of Chemistry 2016
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In particular, ITC is an extremely powerful and high sensitive
technique able to directly provide the heat evolved in a chemical
process and then obtain useful information, such as stability
constants and reaction enthalpy values. This technique has
been hitherto widely used for the study of chemical equilibria in
solution31–35 and biomolecular interactions,36 while only
a limited number of examples of its application in adsorption
studies can be found in the literature.37–44

Accurate data on the enthalpy associated to the adsorption
process allow the design of the best conditions both for the
uptake and for the eventual successive release of a given
chemical species. In previous works, uoride adsorption has
been oen modeled with Langmuir isotherm5,7 and the associ-
ated enthalpy (DHads) has been calculated by the van't Hoff
equation (using the temperature dependence of the Langmuir
adsorption constant). However, many studies considered the
discrepancies between enthalpy values obtained directly (ITC)
and from van't Hoff equation and evidenced the large uncer-
tainties associated to the latter method.45–47 In this work, ITC is
applied for the rst time to obtain direct determination ofDHads

for uoride ion adsorption by HAM to provide independent and
more robust thermodynamic parameters.
Materials and methods
Synthesis of adsorbent material

Two types of HAM were synthesized using the methodology re-
ported previously48–50 with some modications. All the reagents
were of the analytical grade and used without any further puri-
cation. In a typical synthesis, a solution 0.05 M in aluminum
sulfate and 0.1M in urea was prepared in 100mL of distilled water
and then stirred thoroughly during 15minutes. Then 35mL of the
prepared solution were added in a Teon-lined digestion vessel of
100 mL capacity and then placed on a turntable for uniform
heating using a microwave digestion system. The microwave
treatment was conducted in a temperature-controlled mode at
180 �C by non-pulse heating time for 3min (type A) or 20min (type
B), using 2.45 GHz microwave radiation under power range of
0–1000W (usingmaximumpower). Aerwards the sample was le
for cooling until ambient temperature was reached. The pH of the
resultant solution was adjusted at�9 with NaOH. The synthesized
material was then collected by centrifugation and washed with hot
distilled water and ethanol several times. The precipitate was
dried in an oven at 80 �C for 12 h. In order to convert the resulting
g-AlOOH obtained in this synthesis into Al2O3, the powder was
calcinated in a muffle furnace at 600 �C for 2 hours.
Material characterization

The particles were analyzed by transmission electron microscopy
(TEM) using a Transmission Electronic Microscope JEM-2011,
resolution: 0.18 nm at 200 kV, accelerating voltage: 80–200 kV,
equipped with camera: CCD GATAN 895 USC 4000, detector EDS
Oxford LINCA with energy resolution: 136 eV. Scanning electron
microscopy (SEM) analyses were performed by MERLIN FE-SEM,
ZEISS with the detector EDS Oxford LINCA X-Max and EBSD
analysis Oxford Nordlys II.
This journal is © The Royal Society of Chemistry 2016
Textural characteristics of all fresh samples were measured
according to the Brunauer–Emmett–Teller (BET) equation by
nitrogen adsorption isotherms at �196 �C. Pore size distribu-
tions were calculated by applying the Barrett–Joyner–Halenda
(BJH) method to the isotherms desorption branch. These
measurements were carried out in a Tristar 3000 gas adsorption
analyzer (Micromeritics). Prior to the adsorption measure-
ments, the samples were degassed at 150 �C during 1 h.

The particle size distribution was determined by dynamic
light scattering (DLS) on a Horiba LB-550 Particle Size Analyzer.
Around 5 mg of HAM A and B respectively were suspended in 10
mL of TISAB solution. The suspensions were sonicated during
15 min previously to the DLS measurement.

X-ray powder diffraction (XRD) patterns were determined
using a Philips PW3040/60 PRO instrument (equipped with an
x'celerator detector) operating at 40 kV and 40 mA with Ni-
ltered Cu Ka radiation. Diffraction proles were collected in
the 2q range of 5–100 �C with a step of 0.02 and counting time of
15 s per step.

The pH value of zero point charge (pHzpc) was determined by
solid addition method2 using 0.1 M potassium chloride (KCl)
solution with 20 mg L�1 F�. 20 mL of the prepared solution
(0.1 M KCl with uoride) were added into a series of vessels.
Then, the initial pH (pHi) of the solutions was adjusted in the
range of 3.0–10.0. Aer that, 15 mL of any solution were added
into another vessel with 0.3 mg of the adsorbent material. The
suspensions were then equilibrated for 48 h.

Once the equilibration time was reached, the nal pH (pHf)
of the solutions was measured again. The difference between
the nal and the initial pH (DpH ¼ pHi � pHf) was plotted
versus the pHi. The point of zero charge is given for the point
where the curve intersect with abscissa, at this point DpH ¼ 0.
In order to conrm our results, the experiment was performed
at different ionic strength, 0.1 M and 0.01 M KCl.
Potentiometry

Potentiometric studies for uoride removal were performed
adding 20 mL of 0.5 g L�1 HAM suspension into a vessel and
then titrating with sodium uoride (NaF) solution 80 mM. 0.5
mL of uoride solution was added to the suspension and once
the equilibrium time was expired (1 h), the uoride concen-
tration in solution was measured using a uoride selective
electrode (Really-Flow™ Solid-State combination uoride-
selective Electrode, Weiss Research) before the consecutive
addition. The suspension was kept under stirring during the
experiment and in total around 9–13 equal-volume additions
were made for each experiment.

The experiments were performed in total ionic strength
adjustment buffer (TISAB), which was prepared following the
procedure described.51 At the pH xed by TISAB solution, the
formation of hydrouoric acid (HF) is negligible and the
concentration of hydroxyls (OH�), the only other anion that the
electrode responds to, is insignicant.

Potentiometric data have been tted both with Langmuir
and Freundlich isotherms at different temperatures (298.15 and
318.15 K).5–8,52 The Langmuir isotherm describes an
RSC Adv., 2016, 6, 42288–42296 | 42289
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homogeneous sorption, where all active sites have equal affinity
for the adsorbate, and makes possible to obtain the value of the
adsorption constant (b) and loading capacity (Qmax) of the
HAM53,54 according to the equation:

½F��ads ¼
Qmaxb½F��e
1þ b½F��e

(1)

where: [F�]e¼ equilibrium uoride concentration (M), [F�]ads ¼
uoride adsorbed at equilibrium (mol g�1), Qmax ¼ maximum
quantity of adsorbed F� per gram of HAM (mol g�1) and b ¼
Langmuir constant (M�1).

Freundlich isotherm species the adsorption for heteroge-
neous surfaces characterized by the heterogeneity factor 1/n
represented by equation:

½F��ads ¼ Kf ½F��e
1
n (2)

Kf is the Freundlich constant ((L mmol�1 g�1)1/n).
Additional batch titrations were performed for sample A

only. In a typical experiment, 20 mL of uoride solutions with
different initial concentrations (0.5–16 mM) were mixed with 10
mg of HAM for a specied contact time (1 h) at 298.15 K. Aer
the equilibrium, uoride concentration was then measured
using the uoride selective electrode.
Isothermal titration calorimetry

Fluoride samples and the standard solutions for calorimetric
studies were also prepared in TISAB buffer. ITC experiments
have been carried out at 298.15 K using a TAMIII thermostat (TA
Instruments) equipped with a nanocalorimeter (1 mL cell
volume) and an automatic titration syringe. The sample was
stirred continuously at 90 rpm and the reference cell was lled
with 0.8 mL of distilled water throughout all experiments.

In a typical experiment, about 10 additions of 17.5 ml of 80
mM uoride solution were added to 0.7 mL of �0.5 g L�1 HAM
suspension. The delay time between two consecutive injections
Fig. 1 SEM (A-i and B-i) and TEM (A-ii, A-iii, A-iv, B-ii, B-iii and B-iv) ima
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was set to 60 min, which was long enough to let the system to
reach thermal equilibrium.

The values of b and Qmax calculated with Langmuir isotherm
from potentiometric data have been used to calculate [F�]e for
each titrant addition by numerically solving eqn (1) in the
experimental conditions of the calorimetric titrations. The
DHads (kJ mol�1) value has been calculated to best t the
experimental heat for the uoride adsorption according to the
modied isotherm42 shown below:

qcum ¼ Qmaxb½F��e
1þ b½F��e

DHads (3)

where: qcum ¼ total heat involved in the reaction per gram of
adsorbent (kJ g�1). Dilution heat (qdil) was also determined to
correct the total heat measured (qmeas) by the instrument.
Thereby qcum¼ qmeas� qdil, represents only the heat involved on
the adsorption reaction. Data analysis has been done within the
MS-Excel using Solverstat and EST utilities.55,56
Results and discussion
Characterization of the adsorbent material

The SEM and TEM micrographs obtained for the two samples
(type A and B) do not reveal signicative difference. The SEM
images in Fig. 1A-i and B-i reveal ower-like hollow micro-
spheres with a highly textured surface and smooth inner wall
surface. The microspheres have a diameter of�0.9 mm, which is
signicantly smaller than those obtained by the published
methodology (5 mm).48 In Fig. 1A-ii and B-ii TEM images show
a magnication of the particles, where the detailed morphology
of the ower-like microspheres (consisting in a randomly
assembly of nanoplatelets) can be seen. The detailed TEM
images given in Fig. 1A-iii and B-iii, evidence the hierarchical
structure of the particles formed by the packing of nanoplatelets
about 200 nm length and thin thickness. In Fig. 1A-iv and B-iv
an enlargement of the nanoplatelets evidencing the smooth
surface is also shown.
ges of synthesized HAM of type A and B.

This journal is © The Royal Society of Chemistry 2016



Fig. 2 Particle size distribution of HAM for type A (blue) and B (green)
determined by DLS (suspension in TISAB).

Fig. 4 X-ray diffraction (XRD) patterns of HAM for type A (blue) and B
(green) samples.

Paper RSC Advances
In Fig. S1 (ESI†) representative SEM and TEM images of the
uncalcined type B HAM are reported. It can be seen that the
microspheres have the same characteristic structure of the
calcined HAM, indicating that the hierarchical morphology is
stable, even aer high temperature treatment.

The particle size distribution of the two samples analyzed by
DLS is represented in Fig. 2. In Fig. 2A it can be seen that the
HAM suspension of type A was obtained with an average
diameter between 0.6 and 1 mm. This value corresponds
approximately with the diameter of the particles, which means
that the particles aggregation is almost absent in our working
conditions. The distribution of type B is shown in Fig. 2B, which
indicates an average size larger than type A.

The adsorption–desorption isotherms (Fig. 3) can be classi-
ed as Type IV,57 characteristic of mesoporous materials.57 The
H3 type-hysteresis loop58 at high relative pressures (over pres-
sure P/Po of 0.7 in both types A and B) indicates the presence of
mesoporous formed between the assembly of the nano-
platelets.59 The BET surface area of the synthesized material was
found to be 254.1 m2 g�1 and 241.6 m2 g�1 for type A and B
respectively. A mesoporous material normally contains pores
with diameters between 2 and 50 nm. The BJH pore size was
determined to be 12.96 nm with a pore volume of 1.07 cm3 g�1

for sample A and 25.55 nm and 2.32 cm3 g�1 for sample B,
which conrms the mesoporosity of our material. Because of
the characteristic downy surface of the particles, the synthe-
sized alumina has excellent porous properties and seems to
exhibit a great potential for uoride adsorption.
Fig. 3 N2 adsorption (green triangles) and desorption (red circles) isothe

This journal is © The Royal Society of Chemistry 2016
No clear peaks were observed in the diffractogram of type A
(Fig. 4), indicating that the HAM are amorphous while the
microspheres of type B showed some characteristic peaks for
aluminum oxide in accordance with Al2O3 reference standard
diffractogram (JCDPS card no. 10-0425). However, the low
intensity of the signals evidenced that the material is a poorly
crystalline solid.

It has been previously suggested that the crystallinity of
alumina based adsorbents to have an inuence on the uoride
adsorption capacity60 and that low crystallinity of alumina-
based materials seems to be an advantage for their adsorption
capacity.12,60–62 According to these observations, type A, in
principle, would be the most efficient material for a uoride
adsorption.

The point of zero charge for both type A and B is pHzpc ¼ 9.0
at different ionic strength (0.1 M and 0.01 M KCl). At the
working pH ¼ 5.5, the surface of the alumina is positively
charged, therefore the interaction of alumina surface with the
solution containing F� could be represented by the following
reactions:3,8,51

^AlOH + H+ 4 ^AlOH2
+ (4)

^AlOH2
+ + F� 4 ^AlF + H2O (5)

The physical features of samples A and B are summarized in
Table S1.†
rms of HAM for type A (Fig. 2A) and sample B (Fig. 2B).

RSC Adv., 2016, 6, 42288–42296 | 42291



Fig. 5 Fluoride adsorption kinetics on HAM (type A, 0.5 g L�1, pH¼ 5.5,
T ¼ 298.15 K, [F�]0 ¼ 16 mM) fitted with mono- (green line) and bi-
(dashed red line) exponential functions.

Fig. 6 ITC for fluoride adsorption into HAM of type A (blue) and type B
(green). Each peak corresponds to an injection of 17.5 ml of 80 mM
fluoride solution to 0.7 mL of 0.5 g L�1 HAM suspension.
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Fluoride adsorption

In Fig. 5 the [F�]e/[F
�]0 ratio vs. time (h) plot for an adsorbent

dose of 0.5 g L�1 and initial concentration of 16 mM of uoride
is shown (type A). Experimental data were tted with both mono
and bi-exponential eqn (6) and (7):

½F��e ¼ a1e
�k1t (6)

½F��e ¼ a1e
�k1t þ a2e

�k2t (7)

The tting results obtained are summarized in Table S3† in
the ESI.† The bi-exponential model better ts the experimental
data with respect to the mono-exponential and suggests the
presence of a fast rst reaction followed by a much slower
process (k2 is 3 orders of magnitude lower than k1, Table S3†).
This has also been observed for uoride absorption by MgAl–
CO3 layered double hydroxides.63 The fast adsorption step
occurs during the rst hour, then the rate decreases and, aer 3
h, 75% of the initial uoride is removed.‡

In Fig. 6, the heat evolved for each addition of uoride to
HAM suspension (for type A and B) is shown. The heat signal
reaches the baseline in 60 minutes that is, the heat exchanged
related to the F� adsorption on the HAM expires in 1 hour.
Although the equilibrium is not yet reached according to the
overall reaction model (Fig. 5), in ITC experiments it seems that
only the rst process produces a detectable thermal effect.
Therefore, calorimetric experiments were analyzed by using
[F�]e values calculated from potentiometric data with the same
delay time between additions (60 min) as in calorimetry
(Table 1).

Potentiometric data for uoride adsorption by HAM (type A
and B) were tted both with the Langmuir and Freundlich
isotherms (Fig. 7) and the resulting parameters are reported in
Table 1. Potentiometric batch titrations carried out for type A
sample conrmed the values obtained (Fig. S2 and Table S2 in
the ESI†).
‡ ai ¼ initial concentration for each exponential (M), ki ¼ constant rates (h�1), t ¼
time (h).
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Experimental points are better represented by the Langmuir
than the Freundlich model suggesting the presence of a homo-
geneous anion adsorption, forming a monolayer on the posi-
tively charged surface of the microspheres. The Langmuir
constant obtained for type A is signicantly higher than for type
B (�1 order of magnitude, Table 1) showing that the synthetic
protocol has a remarkable effect on this parameter. While the
difference in the BET surface areas of both samples is not
remarkable, DLS experiments evidenced higher particle aggre-
gation in type B (Fig. 2 and Table S1†). However, the higher
efficiency in uoride removal for type A than type B seems also
to be related to the different crystallinity of the two samples, as
previously found.12,60–62

The maximum loading capacity of the material (Qmax) results
higher for sample A than sample B, being 0.026 and 0.020 moles
of uoride per gram of material, respectively. These values are
higher than those found for other alumina-based adsorbents
which are reported in Table 22,3,5–7,9–12,64–67 and for other adsor-
bent materials reported in Table S4 in the ESI.†20,68–72

The high efficiency of the HAM could be associated to the
structure of the hierarchical material. As suggested,70 the mes-
oporosity and the elevated surface area gives to the material
a high number of active sites exposed to the surface. In addi-
tion, the particularity of the hierarchical materials avoids the
aggregation of the nanoplatelets, exposing their entire surface
to adsorb F�.70
This journal is © The Royal Society of Chemistry 2016



Table 1 Langmuir and Freundlich isotherm parameters for fluoride adsorption by HAM of type A and B with different experimental conditions

Type Temperature (K)
Delay
time (h)

Langmuir equation Freundlich equation

Qmax (mol g�1) b (M�1) log b R2 n Kf (L mmol�1 g�1) log Kf R2

A 318.15 1 0.039 � 0.002 4165 � 794 3.62 � 0.19 0.961 3.1 � 0.5 31 � 1 1.49 � 0.03 0.721
A 298.15 1 0.026 � 0.001 4563 � 486 3.66 � 0.11 0.979 5.9 � 0.5 20.2 � 0.3 1.31 � 0.01 0.871
A 298.15 12 0.055 � 0.001 4820 � 394 3.68 � 0.08 0.999 4.4 � 0.6 42 � 1 1.62 � 0.02 0.847
B 298.15 1 0.020 � 0.001 598 � 100 2.78 � 0.17 0.967 2.3 � 0.1 7.6 � 0.3 0.88 � 0.04 0.895

Paper RSC Advances
Similar potentiometric experiments with 12 h delay between
additions have been also performed (type A) to study the
adsorption of uoride at long times (Fig. S3†). The resulting
adsorption constant is quite similar to that obtained with a 1 h
delay, while the loading capacity is �50% larger.

The experimental and calculated qcum values for type A and B
are shown in Fig. 8. In type B, aer the third injection the heat
ow measured for the remaining injections corresponds to the
dilution heat indicating that the adsorption process is nished,
while for type A 6 injections are needed. It is also evidenced that
the total heat evolved in uoride adsorption in type A is
signicantly higher than in type B, which conrms that type A is
a more efficient adsorbent for uoride removal than type B.

The process is clearly exothermic for both type A and B
samples (Table 2) and, as can be observed, the adsorption
enthalpy obtained for type B (DHads ¼ �13.3 � 0.9 kJ mol�1) is
Fig. 7 Experimental fluoride adsorption isotherms presenting the
experimental data fitted with Langmuir (green line) and Freundlich
(dashed red line) models with 1 h between injections for type A and B.

This journal is © The Royal Society of Chemistry 2016
less negative than the value obtained for type A (DHads¼�17.7 �
0.6 kJ mol�1). The DHads values obtained previously by van't
Hoff equation are in most cases positive2,5,7 and spread over
a wide range (6.8–36.6 kJ mol�1). Nevertheless, also negative
DHads have been reported for other alumina-based adsor-
bents,3,64 natroalunite microtubes,11 nanosized iron oxides68 or
UiO-66-NH2

72 (values ranging from �0.8 to �94.7 kJ mol�1,
Table 2 and S4†).

To compare our method for the determination of DHads with
the standard van't Hoff interpolation, normally used in previous
works,2,3,5,7,11,20,64,68,72 the adsorption parameters were deter-
mined for HAM (type A) also at 318 K (Table 1).

The DHads value calculated by the van't Hoff equation (DHads

� �4 kJ mol�1), is less negative than that obtained by ITC
measurements. However, when DHads is calculated with the
van't Hoff equation, the propagated uncertainty on the DHads

values can be large. Thus, an ideal DHads determined by van't
Hoff equation should be calculated using very precise values of
equilibrium constants and in a large range of temperature
where, on the other hand, the heat capacity is not rigorously
constant. Therefore, the direct determination of the heat
exchanged by ITC seems to be the sole way to obtain reliable
heats of adsorption and calculate DHads values.

It can be noticed that the TDSads terms (obtained from the
DGads calculated with the b values at 298.15 K in Table 1 and the
DHads values in Table 2) are nearly the same for the two mate-
rials (+3.2 and +2.6 kJ mol�1 for HAM A and B respectively). This
positive entropy change is in agreement with previous results
adsorption of metal cations39,43 and reects the increase
disorder due to charge neutralization and desolvation of the
uoride anion.
Conclusions

In this work, two new HAM adsorbents have been synthesized
and used for uoride removal. SEM, TEM, BET and XRD
diffraction studies reveal a high porous structure of amorphous
alumina. The two types show similar physical characteristics
with small differences in pore size and specic surface area. The
main difference between the two samples is the presence of
crystalline phase, smaller pore size and higher surface area in
the one prepared with a shorter microwave treatment (type A).
The kinetic study reveals a bi-exponential model indicating
a two-step process for uoride adsorption.

Fluoride adsorption experiments evidenced that the amor-
phous HAM (type A) have a superior affinity for F� ion than type
RSC Adv., 2016, 6, 42288–42296 | 42293
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Fig. 8 Experimental calorimetric data fitted with calorimetric Lang-
muir isotherm (line) for type A (blue) and B (green) HAM.

Paper RSC Advances
B, being the Langmuir constant about 1 order of magnitude
higher. Adsorption experiments have shown that synthesized
materials have a high efficiency towards deuoridation, with
a maximum loading capacity of 0.026 moles of uoride per
gram of material aer 1 h contact time, which is signicantly
better than most other materials reported in the literature.
Therefore our results show that the synthesized HAM have high
deuoridation capacity, which makes them a potential candi-
date for water treatment.

The combined potentiometric-ITC method has been used to
calculate the adsorption parameters and, for the rst time, to
obtain the DHads value by direct measurement of the heat
associated to the process. Contrarily to the data presented in
most previous works, clearly negative enthalpy values for uo-
ride adsorption are obtained here. Therefore, ITC can be
a useful tool for an accurate and relatively fast screening of
sorbent materials.
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ABSTRACT: The complex formation of nitrate ions with
nickel(II) in dry [C4mim][Tf2N] ionic liquid (IL) was
investigated by means of UV−visible spectrophotometry,
isothermal titration calorimetry (ITC), extended X-ray
absorption fine structure spectroscopy (EXAFS), and molec-
ular dynamics (MD) simulations. EXAFS spectroscopy and
MD simulations show that the solvated Ni(II) cation is initially
coordinated by the oxygens of the [Tf2N]

− anion of IL, which
can behave either as mono- or bidentate. Spectroscopic and
thermodynamic data show that Ni(II) is able to form up to
three stable mononuclear complexes with nitrate in this
solvent. The stability constants for Ni(NO3)j complexes (j =
1−3) calculated from spectrophotometry and ITC experi-
ments decrease in the order log K1 > log K2 > log K3. The formation of the first two species is enthalpy-driven, while the third
species is entropy-stabilized. The UV−vis spectra of solutions containing different nitrate/Ni(II) ratios show that the metal ion
retains the six-coordinate geometry. Furthermore, the EXAFS evidences that nitrate is always bidentate. Molecular dynamics
simulations show that the [Tf2N]

− anions bind Ni(II) through the sulfonyl oxygen atoms and can coordinate either as
monodentate or chelate. The analysis of the MD data shows that introduction of nitrates in the first coordination sphere of the
metal ion results in remarkable structural rearrangement of the ionic liquid.

■ INTRODUCTION

Nickel and its compounds have many industrial and
commercial uses. Particularly, nickel alloys and steels are used
for some demanding applications, such as fabrication of nuclear
reactor components. However, the intense neutron flux in
power reactors yields nickel-63 (half-life 100.1 years), which is
of great importance in radioactive waste treatment and long-
term storage because of its high radiotoxicity. It is necessary,
therefore, to control the nickel quantity to comply with the
low-level radioactive waste classification requirements. Cur-
rently, the method of the measurement of 63Ni activity is based
on solvent extraction with chloroform.1 However, the use of
chlorinated solvents will be limited by the REACH regulation
due to their adverse effects toward the environment and human
health. One possible alternative is the use of room-temperature
ionic liquids (RTILs). These solvents have attracted much
attention as “environmentally friendly”, owing to their practi-

cally negligible vapor pressure, stability, and (supposed) low
toxicity.2−5 Moreover, RTILs exhibit properties that render
their handling much more easy, as they are stable to air and
water, nonvolatile, and nonflammable. They also display very
good solvation properties for neutral and for charged species.
For those reasons, RTILs are interesting media for a wide
variety of applications, such as separations, extractions, chemical
analysis, electrochemistry, and catalysis.2,3,6,7

A better understanding of the coordination chemistry of
transition metals with a range of complexing agents in RTILs is
fundamental to define the molecular interactions that can
influence extraction processes. In particular, the thermody-
namic parameters of complex formation along with structural
information on the species formed by a metal ion in a given
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solution are fundamental quantities that need to be known for
the design of an efficient Ni(II) extraction procedure.
The thermodynamics of metal complex formation has been

widely explored in nonaqueous solutions,8−15 while in RTILs
very few examples of stability constants determinations are
present in the literature for transition metals16 and f-block
elements.17−20 It is also noticeable that no complexation
enthalpy (with the exception of Nd3+ and Eu3+ ions with nitrate
and a calixarene ligand, respectively)18,19 has been previously
determined in RTILs, despite the key-role of this parameter for
the understanding of the strength of the metal−ligand
interaction and the role of the processes occurring in solution
upon complexation. From a structural point of view, X-ray
absorption spectroscopy (EXAFS), molecular dynamics (MD)
simulations, and density functional theory (DFT) calculations
have been applied previously to study lanthanides,18,21−26

actinides,20,27−29 alkaline earths,30,31 and transition metals32−34

in RTILs.
In this article, we report the results of the experimental and

theoretical study of Ni(II) solvation and complex formation
with nitrate ions in dry 1-methyl-3-butyl-imidazolium bis-
(trifluoromethanesulfonyl)imide ([C4mim][Tf2N]). The inter-
est of nitrate ligand as complexant is due to the fact that liquid−
liquid extraction experiments are often performed with aqueous
solutions containing high nitrate concentration, and thus the
metal ion can be distributed among several species. To this end,
we used a combination of experimental spectrophotometric,
EXAFS, and microcalorimetric studies with theoretical methods
(MD simulations). Used in conjunction, these can provide
fundamental and insightful data, offering the possibility to
explore the solvation and complexation phenomena of Ni(II)
ion in RTILs.

■ EXPERIMENTAL SECTION
R e a g e n t s . 1 - B u t y l - 3 - m e t h y l i m i d a z o l i u m b i s -

(trifluoromethanesulfonyl)imide ionic liquid (IL, high-purity grade
99.5%), hereinafter indicated as [C4mim][Tf2N], and nickel(II)
bis(trifluoromethanesulfonyl)imide salt (Ni(Tf2N)2, 99.5% purity)
from Solvionic (Toulouse, France) were used without further
purification. [C4mim][NO3] IL was synthesized following the
procedure reported in the literature.20 Acetonitrile of analytical
grade was dried with molecular sieves just before use. Deionized
water from a Milli-Q purification system (Millipore) of resistivity 18.2
MΩ·cm was used for the preparation of aqueous solutions. The highly
hygroscopic ILs [C4mim][Tf2N] and [C4mim][NO3] were dried as
described in ref 20. The salt Ni(Tf2N)2 was dried under vacuum
without heating.
Thermodynamics of Ni-Nitrate Complexation. All measure-

ments in this work were performed at 298.15 K. The stability
constants of Ni(II)/nitrate complexes were obtained both from UV−
vis spectrophotometric titrations and isothermal titration calorimetry
(ITC).
The spectrophotometric titration was performed in batch system

where each sample was prepared by using Ni(Tf2N)2 and [C4mim]-
[NO3] stock solutions in [C4mim][Tf2N]. The concentration of
nickel(II) in the solutions was kept constant to 0.030 M, while the
nitrate concentration was varied from 0 to 0.156 M (RNO3

− = CNO3
−/

CNi(II) ranging from 0 to 5.2). Samples were dried just before
measurements to remove any residual water, and their final water
content, checked by coulometric technique (Karl Fischer titration,
Mettler Toledo DL 32), was found below 100 ppm (i.e., 0.008 M). A
total of 14 samples at different mole ratio was analyzed. The
absorbance spectra were recorded on a Cary 100 UV−vis
spectrophotometer in a rectangular quartz cell with Teflon stopper
of 10 mm path length (Hellma Analytics) in the region of 350−900
nm. The wavelength resolution was fixed at 1.0 nm. The data were
collected in double-beam mode. The reference solution was a neat
[C4mim][Tf2N]. Data treatment was performed using the HypSpec
program.35 The UV−vis spectrum of the 1:0 species was defined as the
one of nickel(II) dissolved in dry IL (RNO3

− = 0). The UV−vis
spectrum of pure [C4mim][NO3] was also used as an input data,
although this species displays a negligible absorbance in the 350−900
nm range.

ITC experiments were performed to obtain the reaction enthalpy
(and the stability constants) values for the formation of Ni(II)-nitrate
complexes in [C4mim][Tf2N]. Titrations were performed using a
TAMIII thermostat (TA Instruments) equipped with a nano-
calorimeter and an automated titration syringe (Hamilton, 250 μL).
To avoid the presence of moisture, the sample and reference cells were
loaded in a drybox with N2 atmosphere and then inserted in the
calorimeter. For the preparation of Ni(II) solution, 0.5 mL of a Ni(II)
0.03 M solution was diluted in a total volume of 1 mL with IL to
obtain a 0.015 M Ni(II) solution. The NO3

− solution was prepared by
weighing the required amount of the pure solution of [C4mim][NO3]
and then diluting with IL.

In the ITC experiments the reaction cup contained 750 μL of
Ni(II) solution in [C4mim][Tf2N] stirred by a gold propeller
maintained at 80 rpm. The system was allowed to equilibrate before
starting the titration experiments until a very stable baseline signal was
obtained. Normally, ∼50 additions of 4 μL were done with a delay of
20 min between each other. The raw data were treated by Nano
Analyzer Software to obtain the measured heat for each addition
(qmeas). The dilution heat (qdil) was then measured by titrating 0.75
mL of pure IL with the [C4mim][NO3] solution in absence of Ni(II).
Therefore, the heat involved in complex formation of NO3

− with
Ni(II) (qcorr) was: qcorr = qmeas − qdil.

ITC data were used to calculate the log βj and ΔHβj values by means
of the computer program HypDeltaH,36 which minimizes the objective
function U described by the equation37 U = ∑(i = 1)

N (qcorr − qcalc)
2,

where qcalc is the heat calculated on the basis of βj, ΔHβj, and the total
concentrations of the reagents. Additional statistical analysis was done
using the Solverstat tool.38,39

The values of the stability constants log β1 and log β2 obtained by
ITC (Table 1) showed a better standard deviation than those obtained
by spectrophotometric titrations.

X-ray Absorption Spectroscopy. Five solutions were analyzed,
containing various molar ratios between Ni(II) and nitrate (0 < RNO3

−

< 5.5) in dry IL, the Ni(II) concentration being 0.03 M.
Measurements were performed on the XAFS beamline at the
ELETTRA synchrotron (Trieste, Italy) and on the SAMBA beamline
at SOLEIL synchrotron (Saint-Aubin, France) using a double crystal
Si(111) monochromator. Analyses were made at the nickel K-edge
(8.33 keV) in transmission and fluorescence mode. The mono-
chromator energy was calibrated by a nickel foil for the Ni K-edge. The
X-ray absorption of the samples was measured in sealed Eppendorf
tubes (2 mL) or in an in-house cell. EXAFS data reduction was made
using ATHENA software.40 Data analysis was performed with the

Table 1. Overall (log βj) and Stepwise (log Kj) Stability Constants and Thermodynamic Parameters (kJ mol−1) Relative to the
Reaction Ni2+ + jNO3

− ⇆ [Ni(NO3)j]
2−j in [C4mim][Tf2N] (T = 298.15 K) Determined by Microcalorimetry

j log βj ΔGβj ΔHβj TΔSβj log Kj ΔGKj ΔHKj TΔSKj
1 4.2(2) −23.9(1) −18.61(1) 5.3 4.2 −23.9 −18.6 5.3
2 7.5(3) −42.8(1) −42.64(1) 0.2 3.3 −18.9 −24.0 −5.1
3 10.1(4) −57.6(5) −30.62(1) 27.0 2.6 −14.8 12.0 26.8
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FEFFIT code, using phase and backscattering amplitude functions
generated with the FEFF 8.1 code41,42 from crystallographic structures.
Fits of the Fourier transform (FT) k3-weighted EXAFS data to the
EXAFS equation were performed in R-space between 0.8 and 4.0 Å.
The k-range used was 2.0−12.0 Å−1. The amplitude reduction factor
(S0

2) was held constant to 1 for all fits. The shift in the threshold
energy (E0) was allowed to vary as a global parameter for all atoms. In
all fits, the coordination number of nickel(II) was fixed to 6, as it is
known that this ion is hexacoordinated. For the sample corresponding
to RNO3

− = 0.0 (nickel in dry IL), the number of sulfur atoms from
Tf2N ligands was linked to the number of oxygen atoms present in the
first coordination sphere. In the case of nitrate ligands, the number of
distal oxygen atoms is linked to the fitted number of nitrogen atoms.
Also, strong multiple scattering contributions due either to nitrate ions
or to Tf2N anions complexed to nickel were taken into account
without adding any fitted parameters (N, σ2, and R were linked to
single scattering paths).
Molecular Dynamics Simulations. Several RTIL solutions

(Table S1) were simulated by classical molecular dynamics (MD).
In our approach the [Ni(NO3)j]

2−j species were considered as unique
entities, as the nitrate anions are not allowed to dissociate. DFT
calculations were done on the [Ni(NO3)j]

2−j complexes to calculate
the point charges to be used in MD simulations. The complexes were
optimized at DFT level using the LANL2DZ ECP43 for Ni(II) and the
Gaussian-type 6-31+G(d,p) basis set for O and N atoms. The point
charges were calculated using the electrostatic potential (ESP) ChelpG
scheme44 for the various [Ni(NO3)j]

2−j species in the presence of a
solvent simulated by the SMD polarizable solvation model45 with the
parameters given for [C4mim][Tf2N] IL.46 In Table S2 the ESP
charges employed for the various atom types are reported. All
quantum chemical calculations were performed with Gaussian09.47

In MD simulations, nitrate anions were considered to behave as
bidentate on the basis of EXAFS evidence of this work, even if several
Ni(II) complexes with monodentate nitrate have been obtained in the
solid state.48,49 Following a procedure previously applied,50 for nitrate
complexes in RTIL, nitrate anions were constrained to maintain this
coordination mode during the simulation by assigning a force constant
of 500 kcal mol−1 Å−2 to the Ni−ONO3

bonds (with equilibrium Ni−O
distances taken from the DFT-optimized structures). Additionally, an
O−Ni−O bending term was added in the [Ni(NO3)3]

− species to
keep it six-coordinated as in the DFT-optimized structure during the
MD simulation, in agreement with the coordination number obtained
from EXAFS fitting.
The Lennard-Jones parameters for nitrate and nickel ion were taken

from refs 51 and 52, respectively. Cross terms in van der Waals

interactions were constructed using the Lorentz−Berthelot rules. The
force field for [C4mim][Tf2N] IL was taken from refs 52 and 53.
Nonbonded interactions were calculated using a 12 Å cutoff, while
electrostatic interactions were calculated with the Particle Mesh Ewald
(PME) method.54

The LINCS algorithm to integrate the equations of motion (2 fs
time step) was applied.

MD simulations were run at 300 K in the NVT ensemble with box
size adjusted to obtain the density of the pure IL. After an equilibration
period of 1 ns, a 5 ns production run was done, and trajectory data for
analysis were collected every 100 steps. All MD simulations were done
using the Gromacs 4.6.5 program.55

■ RESULTS AND DISCUSSION
Thermodynamics of Complex Formation. In the

[C4mim][Tf2N] IL, the starting nickel solvate is a negatively
charged species of general formula [Ni(Tf2N)n]

2−n rather than
the six-coordinated solvate with a net +2 charge as usually
found in water or other organic solvents.12,56,57 When nitrate is
added to the nickel solution in [C4mim][Tf2N], the weakly
coordinating anions are displaced from the cation as in reaction
1:

+

⇄ +

− −

−
− − − −

j

m

Ni(Tf N) NO

[Ni(Tf N) (NO ) ] Tf N
n

n

n m j
j n m

2
2

3

2 3
2 ( )

2 (1)

The definition of the reference state for the reacting species
is essential for the calculation of the thermodynamic
parameters. In a recent work,34 on the basis of DFT
calculations, UV−vis spectroscopy, and electrospray ionization
mass spectrometry, it has been proposed that Ni(II) ion is
solvated by three chelated [Tf2N]

− anions to form the
[Ni(Tf2N)3]

− species only in liquid state. However, the
[Tf2N]

− anion has a significant steric hindrance, which
disfavors the chelate arrangement; thus, it should not be
excluded that the [Tf2N]

− anion can act either as monodentate
or chelating in the starting [Ni(Tf2N)n]

2−n solvate, for example,
as found in the structure of the [Co(Tf2N)4]

2− complex.58

Therefore, the possibility that solvated nickel can be distributed
among several [Ni(Tf2N)n]

2−n species in equilibrium should be
taken into account. The nature of the Ni(II) reacting species
becomes even more undefined if it is considered that the

Figure 1. Absorption spectra of nickel(II) solutions in dry [C4mim][Tf2N] at various nitrate/Ni(II) molar ratio (RNO3
−). The molar absorbance

reported corresponds to the experimental absorbance divided by the total Ni(II) concentration in each sample (0.03M) and the optical path length
(1 cm).
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negatively charged solvated metal cation is strongly interacting
with a second sphere composed mainly by cations of the IL;28

thus, the charge and nature of the reactive species depends on
how many spheres are considered.20 It should be also
underlined that in complex formation studies, it is fundamental
to control the ionic strength of the solution, which is generally
achieved by the addition of an inert salt in large quantities as
compared to the reagents. As previously discussed,17,20 if one
assumes that the ILs are fully dissociated in the medium, the
ionic strength in this solution is high enough (∼3.4 mol L−1)
that the complex formation should have a negligible impact at
the Ni(II) concentrations employed in our experiments (in the
range of 1 × 10−2 M).
Following all these considerations, the overall stability

constants (βj) obtained in this work should be considered as
“conditional constants” for the complexation equilibrium
reported in eq 2, where the charges on the Ni(II) species are
purely formal:

β+ ⇄ =+ − −
−

+ −jNi NO [Ni(NO ) ]
[Ni(NO ) ]

[Ni ][NO ]j
j

j
j

j

j
2

3 3
2 3

2

2
3 (2)

In Figure 1 the experimental UV−vis spectra of Ni(Tf2N)2 in
dry [C4mim][Tf2N] are displayed as a function of the nitrate
content (for ratio 0 < RNO3

− < 5.2). In the absence of nitrate,

the spectrum at RNO3
− = 0 exhibits 3 maxima at 430, 691, and

815 nm. This spectrum is in agreement with the one obtained
by Katase et al. for Ni(II) solution in the dry [trimethyl-n-
hexylammonium][Tf2N] IL.59 Addition of nitrate ions in
Ni(Tf2N)2-[C4mim][Tf2N] solutions leads to both an increase
of the peak intensity and to a band shift. A red shift and a blue
shift are observed, respectively, for the bands at 691 and 815
nm as the nitrate concentration increases. The 430 nm band
position remains identical for RNO3

− < 1, then it shifts to shorter

wavelengths for 1 < RNO3
− < 3, and finally it shifts to longer

wavelengths for RNO3
− > 3. Thus, the maximum of absorbance

observed is located at 412 nm for RNO3
− = 3, while it is at 419

nm for RNO3
− ≥ 4. Then, all spectra are identical for RNO3

− ≥ 4.6,

which indicates that the nickel speciation remains stable in
solution above this ratio.

Figure 2. (a) ITC profile for the complex reaction of NO3
−−Ni(II) at 298.15 K. Each peak corresponds to an addition of 4 μL of NO3

− 0.26 M to
0.75 mL of Ni(II) 0.015 M solution. Positive sign of the heat flux corresponds to an exothermic reaction in our calorimeter output. (b) Cumulative
heat (qcorr) observed (red dots) and calculated (empty dots) on the basis of the log βj and ΔHβj values reported in Table 1 vs the nickel/nitrate molar

ratio (RNO3
−). The corresponding Ni(NO3)j

2−j speciation as a function of the NO3
− added is reported.
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The set of 14 spectra was used to obtain the stability
constants (βj) of the different complexes formed in solution.
Four different species [Ni(NO3)j]

2−j (j = 0−3), involved in the
equilibria written in eq 2, were considered. The presence of the
1:4 complex was discarded on the basis of EXAFS results (see
below). The best fit was obtained with a model including the
formation of the 1:1 and 1:3 species (log β1 = 3.7(8) and log β3
= 7.6(8)) with the calculated molar absorbance of each species
as displayed in Figure S2 and the resulting speciation given in
Figure S1. The introduction in the fit of the 1:2 complex, even
if considered as a nonabsorbing species, could not lead to any
stable fitting. To check the presence of the 1:2 species, ITC
experiments were performed. Calorimetric data (Figure 2a)
show that when the RNO3

− is low an exothermic process is
present, while an endothermic process is operating after the
addition of a significant amount of [C4mim][NO3] (RNO3

− ≈
2.5). The fit of ITC data (Figure 2b) is compatible with the
formation of three successive mononuclear species ([Ni-
(NO3)j]

2−j, with j = 1−3). In this case, the exclusion of the
[Ni(NO3)2] species leads to a poor data fit. The stability
constants of the nickel complexes obtained by ITC data are
reported in Table 1 together with related enthalpy and entropy
values. The stabilities of the complexes decrease with the
number of coordinated nitrates and result to be similar to those
obtained in dry acetonitrile by kinetic methods.60 The overall
formation enthalpy values are always negative, while the
corresponding entropy terms are positive or close to zero.
However, the ΔHKj values (stepwise) are negative for the
formation of the 1:1 and 1:2 species and negative for the 1:3
species, which is formed in an entropy-driven process (TΔSK3=
+26.8 kJ mol−1). This trend is different from the values
obtained for the Nd3+/nitrate complexes in dry [C4mim]-
[Tf2N], where highly stable species are formed with both
negative enthalpy and entropy terms.18 According to the model
proposed in reaction 1, the entropic terms can be explained by
the release of [Tf2N]

− anions from the first coordination sphere
of the Ni(II) ion, which is not compensated by desolvation of
nitrate. The coordination of one nitrate should promote the
release of up to two [Tf2N]

− anions from the first solvation
sphere of Ni(II) ion with a consequent large entropy gain.

However, this does not agree with our results, where TΔSK1
and TΔSK3 are positive (+ 5.3 and +26.8 kJ mol−1), while
TΔSK2 is small and negative (−5.1 kJ mol−1). This result
suggests that outer sphere effects, such as different solvation of
the Ni(II) complexes and reorganization of the IL around the
Ni(II) complex, play an important role in determining the
thermodynamics parameters.

X-ray Absorption Spectroscopy. EXAFS spectra and
their corresponding FT are displayed in Figure 3. Distances (R
+ Δ) on the FT are not real interatomic distances, as they are
not corrected by the phase shift (Δ). The strong peak observed
on the FT at R + Δ ≈ 1.6 Å corresponds to the first Ni
coordination sphere composed of six oxygen atoms.
Note that the obtained EXAFS spectra are the result of an

average of the Ni coordination sphere in each sample, and thus,
may correspond to a mixture of different species. In Figure S3
the speciation of the five analyzed samples calculated on the
basis of the stability constants in Table 1 is reported. The fitting
results for the five analyzed samples are given in Table 2. The
first sample (RNO3

− = 0) corresponds to nickel dissolved in a dry
IL. As expected, Ni(II) ions are coordinated only by [Tf2N]

−

ions. The coordination occurs through six oxygen atoms of SO2
groups, at a distance of 2.03 Å, which is typical for Ni(II) in
octahedral coordination.61−63 A sulfur shell is also present at an
average distance of 3.23 Å. The SO2 groups can bind nickel
either in monodentate or in bidentate fashion, which should
lead to significant differences on the Ni−S interatomic distance.
We could not find in the literature any structural study of
nickel/Tf2N complexes, in the solid or liquid state. However,
one cobalt(II)/Tf2N compound that we may use for
comparison purposes has been characterized.58 Indeed, cobalt
and nickel have similar chemical properties, and at their
divalent state they exhibit close ionic radii (83 pm for Ni(II)
and 79 pm for Co(II)). This species is composed of
[Co(Tf2N)4]

2− clusters, where Co(II) is complexed by two
monodentate [Tf2N]

− and two bidentate [Tf2N]
−, with the

following distances: Co−S(monodentate) = 3.19 Å versus Co−
S(bidentate) = 3.27 and 3.31 Å. The Ni−S bond length
obtained in this work (3.23 Å, Table 2) is intermediate, which
could suggest that the Ni(II) coordination sphere is composed

Figure 3. EXAFS data (left) and their corresponding FT (right) of Ni(II) in the IL [C4mim][Tf2N], as a function of the nitrate concentration.
[Ni(II)] = 0.03 M. For sake of clarity, spectra are shifted along the y-axis.
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of a mixture of monodentate and bidentate Tf2N anions as
depicted in Scheme 1.

This kind of mixed coordination for Tf2N anions to metallic
ions was also evidenced for Ti(IV),64 Eu(III),26 or U(VI)28

complexes.
As a consequence of the complexation of nitrate ions to

nickel (RNO3
− > 0), specific features appear on the FT, in

particular, a strong peak at R + Δ ≈ 3.2 Å (Figure 3). The
coordination of nitrates entails the presence of a nitrogen shell
and of a distal oxygen shell, but also of strong multiple
scattering contributions. According to the coordination mode
of nitrate ions to nickel, these features occur at different
distances. In particular, the distal oxygen lies at a distance of ∼4
Å for a monodentate NO3

− group, while it is located at ∼3.7 Å
from nickel for a bidentate NO3

− group. Also, the nitrogen
atom is closer to nickel in a bidentate fashion than in a
monodentate fashion (2.5 vs 2.9 Å).65,66 Looking at our fit
results, it is clear that nitrate ions are coordinated in a bidentate
fashion to nickel in the IL. The analysis of the spectra shows
also that there are no significant changes at R ≥ 3; thus, the
maximum stoichiometry of the Ni(II)/nitrate species is 1:3.
This result is in agreement with the speciation obtained by ITC
data (Figure S3) and is indicative that nitrate ions are very
strong ligands for nickel in the dry IL. Spectroscopic data show
that [Tf2N]

− anions are progressively removed from the Ni(II)
coordination sphere and that the cation is completely
desolvated in the 1:3 species.

Molecular Dynamics Simulations. Molecular dynamics
simulations on the solvated Ni(II) cation reveal that it is
coordinated by the oxygen of the SO2 moiety of the [Tf2N]

−

anions during all simulation time. The radial distribution
functions (RDFs) of the Ni−O(Tf2N) pairs (Figure 4a)
present an intense peak centered at 2.15 Å corresponding to six
oxygen atoms (Table 3). It is interesting to note that two peaks
are obtained for the Ni−N(Tf2N) integrating for 5.0 nitrogen
atoms at 3.75 and 4.45 Å (Table 3). This is indicative that five
[Tf2N]− anions can coordinate the Ni(II) cation as
monodentate (only one sulfonyl group binds the metal) or
chelate with two oxygens of the two different sulfonyl groups
coordinated (Scheme 1 and Figure 5a). This result is not
unexpected, since both coordination modes of the [Tf2N]

−

anions have been already observed in previous MD simulations
on solvated UO2

2+ cation.67 The [C4mim]
+ cations surround

the solvated Ni(II) and form a large shell, as it can be seen from
the maximum of the Ni−N(C4mim) RDF at 7.65 Å, which
corresponds to approximately seven molecules (Table 3 and
Figure 4a). In the snapshot in Figure 5a it is clearly visible that
the [Ni(Tf2N)5]

3− unit is surrounded by [C4mim]
+ cations,

which constitute a complete second shell. A shell of [Tf2N]
−

anions alternates to the cations as seen from the weak
maximum of the Ni−N(Tf2N) RDF at 10.75 Å (Figure 4a,
Table S3).
When the solvated Ni(NO3)

+ species is considered, the main
peak of the Ni−O(Tf2N) RDF decreases in intensity with 4.0
coordinated oxygen atoms (Figure 4b and Table 3). The Ni−
N(Tf2N) RDF in this case presents a single peak centered at
4.53 Å and integrating for 4 N atoms. This result shows that in
the 1:1 Ni/nitrate complex the coordinated [Tf2N]

− anions are
monodentate only and that one [Tf2N]

− was released. In this
case the Ni−N(C4mim) RDF has a maximum at 7.53 Å and
corresponds to approximately eight cations (Table 3).
However, given the low intensity of the Ni−N(C4mim) RDF,
it is difficult to define a clear-cutoff radius to calculate the
integral. It appears that cations solvating the [Ni-
(Tf2N)4(NO3)]

3− unit are arranged in a shell similar to that
of the solvated Ni(II) ion. This is also evident in the snapshot
in Figure 5b where the cations completely surround the Ni(II)
species. A possible origin of this similarity between the cation
distribution found for the Ni(II) solvate and for the 1:1
complex is that the total charge of the Ni(II) complex (−3)
does not change and that the average volume occupied by the
[Ni(Tf2N)4(NO3)]

3− complex is not very different with respect
to that occupied by [Ni(Tf2N)5]

3−. Again, a second shell of
[Tf2N]

− anions alternates to the cations as seen from the weak
maximum at 10.33 Å (Figure 4b and Table S3).
In the case of the solvated 1:2 species the highest peak of

Ni−O(Tf2N) and Ni−N(Tf2N) RDFs correspond to 2.0 O and
N atoms indicating that only two anions remain coordinated to
Ni(II) in a monodentate fashion. According to this model, in
the second complexation step two [Tf2N]

− anions are released,
and the [Ni(Tf2N)2(NO3)2]

2− complex is formed. The
maximum of the Ni−N(C4mim) RDF is now shifted to 5.03
Å from Ni(II) and roughly corresponds to ∼4.4 IL cations. The
snapshot of the MD trajectory in Figure 5c well depicts this
change of distribution in the ions around [Ni(Tf2N)2(NO3)2]

2−

with respect to the previous systems (Figure 5a,b).
In the case of Ni(NO3)3

−, the Ni−O(Tf2N) and Ni−
N(Tf2N) RDFs do not show sharp peaks, as no anions are
coordinated. Only a residual peak at 2.68 Å (n = 0.4) indicates
that the [Tf2N]

− anion can weakly interact with Ni(II) cation.

Table 2. X-ray Absorption Spectroscopy Fit Resultsa

RNO3
− paths N R (Å) σ2 (Å2) E0 (eV) Rfactor

0 O 6b 2.03 0.006 6.3 0.04
S 6 3.23 0.012

1 O 6b 2.05 0.007 −3.8 0.05
N 1.0 2.50 0.002
(O(NO3) 1.0 3.72 0.005

2 O 6b 2.04 0.006 −4.1 0.04
N 2.0 2.46 0.007
O(NO3) 2.0 3.74 0.004

3 O 6b 2.05 0.008 −2.4 0.04
N 3.2 2.51 0.009
O(NO3) 3.2 3.75 0.005

5.5 O 6b 2.06 0.008 −2.4 0.04
N 3.2 2.51 0.009
O(NO3) 3.2 3.75 0.005

aN is the coordination number (±20%), R the interatomic distance
(±0.02 Å), σ2 is the Debye−Waller factor (±0.001 Å2), E0 is the shift
in threshold energy, and the Rfactor indicates the goodness of the fit as
defined in ref 42. The path O(NO3) corresponds to the distal oxygen
of nitrate groups. bFixed parameters.

Scheme 1. Possible Coordination Modes of the [Tf2N]
−

Anion
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The maximum of the Ni−N(C4mim) RDF is now only slightly
shifted to 4.98 Å and corresponds to ∼6 cations (Table 3).
According to EXAFS and MD results, one bidentate [Tf2N]

−

anion is replaced by a bidentate nitrate in the first complexation
step, while in the second and third steps, two monodentate
[Tf2N]

− anions are replaced by one bidentate nitrate. On this
basis, one would expect more positive ΔSKj values for the
formation of the 1:2 and 1:3 complexes with respect to the 1:1,
which is not in agreement with what was experimentally found.
Therefore, it seems that outer-sphere effects (such as the
rearrangement of the solvent structure around the solute) give
an important contribution in determining the observed trend of
the thermodynamics parameters. From the RDFs obtained in
this work (Figure 4a−d), it emerges that the complexation
reactions induce a marked change in the distribution of the
[C4mim]+ and [Tf2N]

− ions in the second sphere of the Ni(II)
solute (Tables 3 and S3). In particular, it is interesting to note
that the first maximum of the Ni-NA([C4mim]+) RDF is
located at 7.65 Å for the Ni(II) solvate, and its position has a
small change when the 1:1 complex is considered (7.3 Å, Figure
4a,b, Table 3). The Ni-NA([C4mim]+ maximum position has a
pronounced shift to 5.03 Å (1:2 complex) to form a more
compact shell and finally remains nearly unchanged (4.98 Å)

for the 1:3 complex. This rearrangement is also observed for
the outer-sphere anions, as the second maximum of the Ni−
N(Tf2N) RDFs shifts from 10.65 to 9.03 Å in the four
simulations (Figure 4a−d and Table S3). In conclusion, MD
simulations show that the outer-sphere environment around
the Ni(II) center changes in the various complexations steps,
and this could also have an influence on the overall observed
thermodynamics parameters.

■ CONCLUSIONS

This combined experimental and theoretical study of the
complexation of Ni(II) in the [C4mim][Tf2N] IL shows that
three stable mononuclear species of the type Ni(NO3)j (j = 1−
3) are formed. Therefore, contrarily to what is observed in
water, nitrate is a strong ligand for this cation in this medium, in
agreement with previous studies in this IL for other ions.17,18,28

This can be mainly related to the poor coordination ability of
the Tf2N

− anions toward Ni(II). However, also the weak
solvation of the nitrate anion in the dry IL may contribute to
the high stability of the Ni(II) complexes. On this basis, in the
presence of a significant amount of water in the IL (like in real
liquid−liquid extraction conditions), a decrease of the stability

Figure 4. RDFs relative to nickel center of the O and N atoms of the [Tf2N]
− anions and of the aromatic N atoms of the [C4mim]

+ cations.

Table 3. Position and the Integration Numbers (n) for the Main Maxima of the Radial Distribution Functions in Figure 4a−d

Ni2+ Ni(NO3)
+ Ni(NO3)2 Ni(NO3)3

−

g(r)max, Å n g(r)max, Å n g(r)max, Å n g(r)max, Å n

Ni−O (Tf2N
−) 2.15 6.0 2.12 4.0 2.18 2.0 2.68 0.4

Ni−N (Tf2N
−) 3.75/4.45 5.0 4.53 4.0 4.68 2.0 4.93 0.6

Ni−NA (C4mim
+) 7.65 ∼13.7 7.30 ∼16.5 5.03 ∼8.8 4.98 ∼11.7
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and number of species formed is expected, as already observed
for Nd(III).17,18

Thermodynamic parameters show that the first two
complexes are enthalpy-stabilized, while the third one is
formed in an entropy-driven process. In particular, the trend
of the entropy terms (TΔSKj = +5.3, −5.1, and +26.8 kJ mol−1

for j = 1−3) is unexpected on the basis of the change of
number of species in the complexation reaction and suggests
that outer-sphere effects play an important role.
Spectroscopic data confirm that the Ni(II) cation retains a

six-coordinated octahedral geometry in all species and that the
nitrate, as also previously found for other cations, coordinates
in a bidentate mode in all species. Furthermore, EXAFS spectra
confirm that the [Tf2N]

− anions are completely released in the
formation of the final 1:3 species.
Molecular dynamics simulations show that the starting Ni(II)

solvate is the [Ni(Tf2N)5]
3− complex, with the [Tf2N]

− anions
coordinating either as mono or bidentate through the oxygen
atoms of two different sulfonyl groups. The species with one
nitrate results to be [Ni(NO3)(Tf2N)4]

3− with the anions
coordinating as monodentate only. When a further nitrate is
inserted in the first coordination sphere of nickel, two Tf2N

−

anions are released to form the [Ni(NO3)2(Tf2N)2]
2− species

where, again, the anions are coordinating the cation as
monodentate. The RDFs obtained from MD simulations
show a marked reorganization of the outer-sphere liquid
structure in the successive complexation steps, especially
evident when passing from the 1:1 to 1:2 species. This result
indicates that the most remarkable outer-sphere solvent
rearrangement is occurring in the second complexation step,
for which the experimental ΔSK2 term is small and negative.
This finding also supports the hypothesis that outer-sphere
effects can have a remarkable weight in determining the trend
in the entropy values obtained in this IL.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
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Speciation calculated from UV−vis data fitting, calculated
molar absorbances, composition of simulated systems,
gas-phase optimized [Ni(NO3)i]

2−j species and their
corresponding ESP charges, speciation calculated on

Figure 5. Random snapshots taken from the MD simulations: solvated Ni(II) species (balls and sticks) and outer shell ions (wireframe) located
within a radius of 6.5 Å of the Ni(II) solvate ([C4mim]

+ = red, [Tf2N]
− = green).
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basis of stability constants, position for RDF maxima
beyond the first, full citation of Gaussian09. (PDF)
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Nowadays the environmental pollution is a great global enemy, being one of the
problems that most affect the whole world. This PhD thesis focuses on the
elimination of certain aqueous contaminants, such as fluoride or different metal
ions. Nanostructured materials have been applied as innovative adsorption
method to remove the aforementioned water pollutants. These materials present
a high surface area in a very small volume, being ideal characteristics as materials
for the treatment of wastewater.
The first chapter of the thesis focuses on the removal of fluoride from
contaminated water by using hierarchical alumina microspheres (HAM), while the
second part of the thesis focuses on the removal of heavy metals and precious
metals from contaminated water. In this case, functionalized magnetic
nanoparticles (SPION, Super Paramagentic Iron Oxide Nanoparticles) have been
chosen as adsorbent.
The adsorption processes have been described in terms of loading capacity and
thermodynamic parameters, by using a new experimental approach with
Isothermal Titration Calorimetry (ITC). ITC is applied for the first time in this work
to obtain direct determination of ∆Hads for fluoride ion adsorption by HAM and
metal ions in functionalized SPION to provide independent and more robust
thermodynamic parameters
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