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Chapter 1 
                       

Introduction 
 

 

This introduction gives an overview of the terminology and classification of 

nanomaterials and nanotechnology (1.1) before proceeding to focus on the 

fullerenes (1.2), their sources and fate in the environment (1.3) and the 

analysis of fullerenes in the environment (1.4). Finally the justification and 

objectives of the thesis (1.5) are discussed. 

 

 

1.1 Engineered Nanomaterials and Nanotechnology 

 

Nanomaterials (NMs) consist of a group of chemical substances defined by 

their external size between 1 and 100 nm in at least one dimension, and can 

be considered a bridge between atomic or molecular structures and bulk 

materials (EU Commission, 2011; Henglein et al., 1993). This is a 

heterogeneous group of chemicals that can be further classified depending 

on their composition (e.g. metallic, organic) as well as on the basis of their 

origin (e.g. natural or anthropogenic). Although particles in the nano-size 

range have likely been always present on Earth (Nowack et al., 2007), only 

recently they have attracted a lot of attention due to their innovative 

properties. In particular, due to the small size, NMs display a larger surface 

to volume ratio in comparison with bulk materials that determines changes 

in the physico-chemical properties related to electrical conductivity, colour, 

solubility, mechanical strength, and catalytic activity (Reed, 1993; Ebbesen 

et al., 1996; Pal et al., 1997; Powell et al., 1998; Pan et al., 2012). This makes 

them appealing for novel applications and uses and in the last decades, 
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large efforts were dedicated to the synthesis of engineered nanomaterials 

(ENMs) aimed to enhance technological and industrialized processes. In this 

context, nanotechnology refers to the characterization, production and 

application of NMs that can be achieved by manipulating their composition 

and arrangement. This field is very broad, covering a wide range of different 

techniques, scientific and commercial applications and products (RS & RAE, 

2004). According to some, nanotechnology is expected to determine the 

“next industrial revolution” and current and future applications could hold 

societal benefits including economic development and employment and 

advancements in material, environmental and medical sciences (RS & RAE, 

2004; Roco et al., 2005).  Nowadays, nanotechnology is estimated to be 

worth $2.6 trillion in manufactured goods (Lux Research 2006) and the 

production of engineered nanomaterials is expected to be 58,000 tons in 

the 2011-2020 period (Maynard, 2006). The increasing production and use 

(Wijnhoven et al., 2010; Hendren et al., 2011; Maynard et al., 2012) will 

inevitably result in a larger release of these chemicals into the environment. 

However, the implications of a larger occurrence and exposure to ENMs are 

not fully understood and several studies raised concern about their fate, 

transport, and potential adverse effects for the environment and human 

health (Christian et al., 2008; Peralta-Videa et al., 2011). Nonetheless it is 

difficult for regulatory agencies to develop standards on the usage, 

manufacture and regulation because NMs may display a different 

behaviour in comparison with “traditional” materials (Bhatt et al., 2011). 

For instance, in toxicity test particles number and/or surface area may have 

a more important role than concentration, raising questions about the 

validity of current dose-metric methodologies and risk assessment in 

general (Pakaninen, 2013). This is further complicated by the fact that not 

only the size but also the shape and surface properties are important in 

affecting the behaviour of nanostructured matter (Yadav et al., 2008). In 

this context, key limitations include the lack of data on the environmental 

fate and behaviour of engineered nanomaterials and of direct 

measurements of their occurrence in aquatic or terrestrial systems (Klaine 

et al., 2008; Gottschalk et al., 2010). These are in turn determined by the 

lack of analytical methodologies capable of quantifying trace 

concentrations of NPs in environmental matrices (Hasselhov et al., 2008; 

Mueller et al., 2008; Gottschalk et al., 2009; Pan et al., 2012). 
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1.2 Fullerenes 

 

The synthesis of fullerene in 1985 by Kroto et al., represented a milestone 

in the development of nanotechnology and signed the beginning of one of 

its most prominent fields, the carbon nanotechnology. Fullerenes, Cn, are 

an allotrope of carbon. However, unlike other forms of carbon such as 

diamond and graphite, which consist of the repetition of atomic structures, 

fullerenes are discrete molecules with a defined number of atoms (Fig. 1.1).  

 

 

Fig. 1.1. Structures of carbon allotropes. A) C60 fullerene, B) diamond, C) 
graphene and D) graphite (layers of graphene). 

 

They display a closed-cage molecular shape where the carbon atoms are 

interconnected in five- and six- membered rings. Depending on the number 

of hexagonal rings that combine with 12 pentagonal rings, fullerenes can 

present a theoretically unlimited number of structures. Among these, C60 

was the first to be discovered and consists of 12 pentagonal and 20 

hexagonal rings arranged in a football-like structure of 0.72 nm in diameter. 

C60 is the most stable fullerene because of energetic reasons (Zhang et al., 

1992) and by far the most studied to date. All the carbon atoms are 

equivalent in the molecule and present a sp2 hybridization, with lengths of 

the bonds of 1.38 Å and 1.45 Å, for six-six and five-six bonds, respectively. 

Due to the π-electrons in the rings, fullerenes could be described as three-

dimensional aromatic molecules. However, since double bonds do not 

locate in the pentagonal rings, resulting in poor electrons delocalisation, 

they are not “super aromatic” as initially proposed (Buhl et al., 2001; Yadav 
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et al., 2008). Fullerenes are more electronegative than most hydrocarbons, 

behave like electron deficient alkenes and react readily with electron rich 

species (Hirsch et al., 2005). In general, these compounds are extremely 

versatile and can undergo a large number of reactions including redox, 

nucleophilic attack, addition, cycloaddition and photochemical reaction as 

photocycloaddiction (Kroto et al., 1994).  

These reactions also give the possibility to derivatize the closed-cage 

structure with consequent production of novel fullerenic materials with 

modified physico-chemical properties that provide new features and 

chemical characteristics (e.g. higher water solubility or conductivity). In 

particular, the derivatization of fullerenes can be achieved with the 

inclusion of atoms other than carbon within the structure (heterohedral 

fullerenes), the inclusion of chemical species (e.g. metals, water) in the 

inner space (endohedral fullerenes) and / or the functionalization of the 

outer space (exohedral fullerenes) (Chai et al., 1991; Hummelen et al., 1995) 

(Fig. 1.2). The unique molecular nano-size structure, combined with the 

possibly unlimited number of species that may be derived, make fullerenes 

appealing for a large number of possible applications. According to the 

Nanotechnology Consumer Products Inventory, as of March 2006 carbon 

nanomaterials (fullerenes and carbon nanotubes) were the most widely 

used nanoparticles with regard to the number of products on the market. 

Current applications include personal care products (e.g. as antioxidants in 

cosmetics) and photovoltaics (as electron acceptors) as well as electronics 

and optics (Tagmatarchis et al., 2001; Guldi et al., 2002; Burangulov et al., 

2005; Kim et al.,2006; Benn et al., 2011; Li et al., 2012). Fullerenes are also 

expected to play a role in novel medical and environmental strategies 

(Bakry et al., 2007; Cantrill, 2011).  
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Fig. 1.2. Examples of fullerenes derivatives structures. Left side: endohedral 
fullerenes displaying A) a water molecule (H2O@C60) and B) a potassium 
atom (K@C60) included into the C60 structure. Right side: exohedral 
fullerenes, C) [6,6]-Phenyl-C61-butyric acid methyl ester ([60]PCBM) and D) 
poly-hydroxylated fullerenes also known as fullerol or fullerenol (e.g. 
C60(OH)n). 

 

 

1.3 Sources and environmental fate of fullerenes 

 

The understanding of fullerenes occurrence and fate in the environment is 

limited and complicated by the multiple sources from which they may 

derive. Similar to any industrially produced chemical, the increasing 

production and application will inevitably mean a release of these 

compounds in the environment at larger concentration and in a wider 

variety of ecosystem than is currently the case (Nowack et al., 2007; Tiwari 

et al., 2014). In addition, fullerenes can be formed naturally during wildfire, 

lightening, meteor impact and combustion processes in general where 

carbonaceous materials are consumed (Daly et al., 1993; Heyman et al., 
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1994; Tiwari et al., 2016). Thus, unintentional emissions of anthropogenic 

origin may be expected due to industrial processes and transportation that 

involve coal, fuel and organic matrices (e.g. as by-product of combustion, 

oil refinery; Sanchis et al., 2013). A precise picture of the current worldwide 

production of fullerenes is hindered by the lack of data concerning their 

production and a complete inventory of the products they are included in. 

However, manufacturing of fullerenes is currently estimated to be in the 

range of tens of tons per year and natural/incidental contributions could 

exceed that of engineered nanomaterials (ENMs) (Hendren et al., 2011; 

Tiwari et al., 2016). 

Once in the environment, little is known about the environmental fate of 

fullerenes. The assessment of their behaviour is further complicated by 

their dualistic character in water solubility. Indeed, although extremely non 

polar, fullerenes are well known to create stable aqueous suspensions with 

the formation of nanometer-sized agglomerates that are negatively 

charged and whose water solubility is much higher than that of the pristine 

structures (Deguchi et al., 2001; Javfert et al., 2008). Although it is not clear 

yet to which extent these colloidal structures will form in the environment, 

such phenomena of homo-aggregation, as well as the hetero-aggregation 

with natural components (e.g. humic and fulvic acids), will likely determine 

mobility in water and soil matrices (Wang et al., 2012; Haftka et al., 2015). 

The colloidal stability can be further affected by other environmental 

conditions such as ionic strength and type of ions present in the water and 

the zeta potential of the fullerenes (Haftka et al., 2015). Upon release, 

fullerenes will presumably interact with solar radiation, water, natural 

materials (e.g. organic matter), soil, air and biota and may be transformed 

or degraded as a consequence (e.g. Avanasi et al., 2014; Tiwari et al., 2014). 

In this context, some studies suggest that fullerenes will be functionalized 

upon interaction with ozone, water and light, and will undergo oxidative 

pathways that could lead to mineralization (Hou et al., 2009; Lee et al., 

2009; Hwang et al., 2010; Tiwari et al., 2014). However, other studies 

highlighted the stability of C60 in soil matrices that may determine their 

accumulation in the environment (Jehlicka et al., 2005; Parthasarathy et al., 

2008). Thus, soil may act as a sink (Gottschalk et al., 2009) receiving 

fullerenes through several pathways such as the direct release of ENMs, the 

deposition of incidental species from the atmosphere, water transport and 
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use of biosolids (Utsunomoya et al., 2002; Sanchis et al., 2012; Navarro et 

al., 2013).  

 

 

 

1.4 Environmental analysis of fullerenes 

 

Understanding the occurrence and fate of nanoparticles necessarily relies 

on the collection of empirical data. At the time this thesis project started, 

several studies had highlighted the lack of analytical methodology able to 

detect and quantify fullerenes in environmental samples (Hasselhov et al., 

2008; Gottschalk et al., 2009; Isaacson et al., 2009), a task which is 

complicated by the low concentrations expected and the difficulties in the 

extraction from environmental matrices (Jehlicka et al., 2005). The existing 

techniques presented several limitations. For instance, the majority of the 

studies addressed the analysis of C60 only, whereas other pristine fullerenes 

(e.g. C70 and to a lesser extent larger fullerenes such as C84) and 

functionalized structures were seldom included (e.g. Bouchard et al., 2008). 

Furthermore, most of the studies were focussed on water and wastewater 

media, whereas soil and sediments, where these chemicals are expected to 

accumulate to a larger extent, received little or no attention. Eventually, 

although several methods were developed for the extraction and analysis 

of fullerenes in soil and sediment matrices, these were not suited for the 

extraction of samples presenting high organic carbon content, the detection 

at environmentally relevant concentrations and were not able to distinguish 

between particles of engineered or natural origin (Jehlicka et al., 2005; Vitek 

et al., 2009; Shareef et al., 2010). These issues likely hindered the analysis 

of fullerenes in several studies and made the reproducibility of positive 

results a difficult task. For instance, the concentration detected in samples 

from the Sudbury impact ranged from part per mil to nothing, in three 

different studies on the same material (Becker et al., 1994; Heymann et al., 

1999; Elsila et al., 2005). 
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In the last few years several efforts have been made to overcome these 

issues and analytical methodologies are now available that allow the 

determination of fullerenes and functionalized structures in environmental 

samples.  

In detail, fullerenes are extremely non-polar chemicals and their analysis 

typically makes use of organic solvents, such as toluene, where they are 

more soluble (Ruoff et al., 1993). Robust methods for their extraction 

include liquid-liquid extraction and solid-phase extraction (for water 

samples, e.g. Bouchard et al., 2008; van Wezel et al., 2011) as well as 

soxhlet, ultrasonication, microwave assisted extraction (MAE) and 

accelerated solvent extraction (ASE) (for solid samples, e.g. Jehlicka et al., 

2005). With regard to the analysis, although separation techniques such as 

electrophoresis, size exclusion chromatography and field flow fractionation 

were tested, the general opinion is that the combination of liquid 

chromatography with ultraviolet-visible and mass spectrometric detection 

offers the greatest potential for routine analysis (Isaacson et al., 2009). This 

usually consisted of non-aqueous reverse phase methodologies employing 

non-polar mobile phases (e.g. toluene or toluene-acetonitrile mixtures) 

(e.g. Bouchard et al., 2008, Shareef et al., 2010). The separation of the 

fullerenes has been achieved with both standard octadecyl silica as well as 

functionalized silica columns and several stationary phases such as 5PBB 

and pyrenylpropyl silica that were specifically designed for the analysis of 

fullerenes (e.g. Hou et al., 2009).  

Concerning the detection methodologies, fullerenes possess strong light 

absorptivity in the UV range (specifically at circa 330 nm) and UV detection 

has been employed in their analysis in water, sediments, soil and biological 

samples (Moussa et al., 1997; Xia et al., 2006; Bouchard et al., 2008; Shareef 

et al., 2010; Wang et al, 2011). However, it must be noted that, although 

close to some mass spectrometric techniques in terms of sensitivity (Wang 

et al., 2010), UV detection lacks the specificity needed for an unambiguous 

identification, especially in complex matrices where it can suffer from the 

presence of co-extractants. Mass spectrometry can overcome these issues 

due to the higher selectivity provided by the m/z signals and the larger 

sensitivity, especially in the analysis of exohedral fullerenes (i.e. 

functionalized structures that undergo fragmentation in MS/MS) (e.g. van 

Wezel et al., 2011; Kolkman et al., 2013; Astefanei et al., 2014b). Although 
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ionization is usually achieved with electrospray interfaces operating in 

negative mode, other techniques, such as heated electrospray (H-ESI) and 

atmospheric pressure chemical and photo ionization systems (APCI and 

APPI, respectively), have been tested and can improve the ionization 

efficiency (Nunez et al., 2012; Astefanei et al, 2014b; Emke et al., 2015; 

Sanchis et al., 2015). Eventually, identifications of fullerenes in 

environmental matrices at concentrations in the part per billion range were 

achieved with high resolution MS instruments such as Orbitrap and FTICR 

that can provide better identification due to higher mass and isotopic 

cluster distribution accuracies (Astefanei et al., 2014b; Emke et al., 2015; 

Sanchis et al., 2015). 

 

 

 

 

1.4 Justification and objectives of the thesis 

 

The last two decades have been characterized by the rise of 

nanotechnology. However, the interest toward the novel and possible 

applications of nanomaterials has been accompanied by the concern about 

the implications that these may have for humans and the environment. In 

this context, the NanoNextNL project was started with the aim of studying 

several aspects of micro- and nano-materials, from engineering to 

environmental and life science as well as regulatory and societal aspects. 

Within this framework, research was started at the University of 

Amsterdam (UvA) and Watercycle Research Institute (KWR) and focussed 

on a class of carbon-based nanomaterials, the fullerenes, whose 

characterization in the environment was still largely unknown and limited 

by the lack of analytical methodologies. 

Thus, the general objective of the present thesis was to study the 

occurrence and fate of fullerenes in the terrestrial environment, which is 

done by first developing analytical methods that allow their analysis in soil 
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samples. First, the extraction of several fullerenes and functionalized 

structures was tested from soil samples differing in properties such as the 

texture and composition. To this end a non-selective UV detection method 

was developed that enables one to determine the totality of fullerenes 

species in the samples with an extraction methodology that is potentially 

applicable in routine analysis (Chapter 2 and 3). Next, a more sensitive and 

selective methodology was developed employing mass spectrometric 

detection, in order to fulfil identification criteria and provide unambiguous 

determination of the fullerenes in soil samples. This included the 

optimization of the method for the analysis of fullerenes at environmentally 

relevant concentrations and in complex soil matrices (Chapter 4). These 

methodologies were then applied for the study of fullerenes occurrence 

and fate in the environment. First, an environmental survey was carried out 

for the detection of fullerenes in soils collected in the Netherlands. This also 

allowed a partial understanding of their sources and transformation in the 

environment (Chapter 5). Following, in Chapter 6 incubation studies were 

carried out in order to shed light on the fullerenes fate upon release in the 

environment. This included the irradiation with UVA light at 

environmentally relevant conditions and the characterization of 

transformation products that may derive from their degradation. Chapter 7 

finally provides a synthesis of the results obtained. 

 

 

 

  


