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Chapter 2 

 

Optimization of the extraction 

procedures for fullerenes in soil 
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Abstract 

 

Two extraction techniques, accelerated solvent extraction (ASE) and a 

combination of ultra-sonication and shaking extractions (SSh) were 

compared for the recovery of fullerenes spiked into sandy soil matrices. 

Consecutive steps of extractions were tested at different concentrations and 

the use of polar solvents was tested for the enhancement of the 

performance. The results indicate that average recoveries were in the range 

of 70% or higher with both techniques at all the concentrations tested. 

Furthermore, although SSh delivered higher recoveries at larger 

concentrations, when fullerenes and functionalized structures were spiked 

at the concentration of 5 μg/kg, both techniques had similar performance. 

Eventually, more polar solvents were not applicable in the extraction or in 

clean-up of the samples. In general, although ASE is an automatize process 

and requires one cycle of extraction, a procedure involving two cycles of SSh 

is recommended as more feasible for the routine analysis of a large number 

of samples. 
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2.1 Introduction 

 

The presence of fullerenes in natural samples reflects very specific 

conditions and natural events in which these chemicals are formed (Buseck 

et al., 1992; Becker et al., 1995). However, their increasing manufacturing 

and application in emerging nanotechnology is expected to lead to a higher 

occurrence in the environment and soil could act as a sink for their 

accumulation (Piccinno et al., 2012; Gotthschalk et al., 2009). The lack of 

proper analytical methodologies likely hindered both the analysis of these 

nanoparticles in several studies (Vitek et al., 2009) and the reproducibility 

of positive results (Decker et al., 1994;  Heymann et al., 1999; Elsila et al., 

2005). In particular, extraction methodologies are needed for monitoring 

studies and routine analysis, which are critical for the understanding of 

fullerenes occurrence and fate in the environment. In this context, 

extraction techniques such as Soxhlet and supercritical CO2 extraction can 

recover fullerenes from solid matrices (soil, carbon soot) but can be 

expensive and / or time-consuming and are not suitable for routine analysis 

or screening of a large number of samples in general (Issacson et al., 2009).  

Thus, techniques such as ultrasonication and accelerated solvent extraction 

can provide faster analysis with similar or better performance. In particular, 

ultrasonication is a robust method whose performance for C60 extraction 

from soil samples was already investigated by Jehlicka et al. (2005) and 

Vitek et al. (2009) who reported acceptable recoveries of extraction (> 

75%).  On the other hand, accelerated solvent extraction (ASE) presents the 

advantage of being automated and was recently employed by Shareef et al. 

(2010), who reported good recoveries of extraction (>80%) in several soil 

matrices.   However, when these techniques were compared for the 

extraction of fullerenes from carbonaceous matrices (e.g. bituminous coal, 

shungite), both techniques presented low recoveries (usually < 5%) (Jehlicka 

et al., 2005). In these studies a comparison of the two methodologies was 

not performed for soil samples that may be representative of the matrices 

in which fullerenes are present in the environment. Furthermore, only C60 

was investigated and no other fullerenes and functionalized structures were 

included. Thus, in the present work the extraction of sandy soil samples 

spiked with fullerenes was performed with both ASE and a combination of 

ultra-sonication and shaking extraction. A first experiment was aimed to 
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compare these techniques for the extraction of C60 and C70 at different 

concentrations and to assess the contribution of consecutive steps of 

extraction to the overall recovery. Then, a second experiment compared 

the techniques for the extraction of fullerenes and functionalized fullerenes 

at lower concentrations. In this case, the effect of a pre-extraction and pre-

washing with polar solvents was tested. 

 

 

2.2 Materials and methods 

 

2.2.1 Reagents and chemicals 

Toluene, methanol and acetonitrile (Biosolve, Dieuze, France) were all 

analytical grade. C60 fullerene (purity >99.9%) was obtained from MER 

Corporation. (Tuscon, Arizona, United States). C70 fullerene (purity >99%), 

was purchased from Sigma-Aldrich (Steinheim, Germany). [6,6]-Phenyl-C61-

butyric acid methyl ester ([60]PCBM) (purity >99) and [6,6]-Phenyl C71 

butyric acid methyl ester ([70]PCBM) (purity >99%) were purchased from 

Solenne B.V. (Groningen the Netherlands). Stock solutions of the individual 

fullerenes were prepared in toluene at a concentration of 500 mg/L 

according to the method described by Kolkman et al. (2013). The solutions 

were placed in the dark overnight on a rotary shaker to achieve complete 

dissolution of the fullerenes. Diluted solutions for the individual fullerenes 

and their mixture were obtained by diluting aliquots from the individual 

stock solutions. The solutions were stored at 4°C in the dark and sonicated 

for 2 min before use. Sandy soil was collected in the Flevopark area, 

Amsterdam, the Netherlands (52°21'55.09"N, 4°57'3.88"E) and consisted in 

a top-soil A horizons (top  10-15 cm from the surface) whose texture was 

assessed according to WRB 2006. The sample was placed in a freezer at -

20°C overnight and lyophilized with a Scanvac Coolsafe freeze-dryer 

(Labogene, Lynge, Denmark) in order to remove traces of water. The dried 

sample was finely ground with an agate mortar and sieved. Amendment of 

the soil was achieved as follows: three samples (200 g each) of soil were 

placed into glass jars and fullerenes were added by spiking a C60 and C70 
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stock solution in toluene to obtain a final concentration of 80 µg/kg, 15 

µg/kg and 5 µg/kg each. Following, a sample was made with the same 

procedure but spiking both fullerenes and functionalized fullerenes to 

obtain a final concentration of 5 µg/kg. The soils were then homogenized 

by stirring and left in the dark for 24 h to allow the solvent to evaporate. 

 

2.2.2 Extraction procedures 

Two sets of experiments were carried out to compare ASE with a 

combination of ultrasonic and shaking extraction. In the first, sandy soil was 

spiked at three different levels: 80, 15 and 5 µg/kg, respectively and toluene 

was used as the extraction solvent. For ultrasonication and shaking 

extraction, 15 g of soil were weighed and placed into a glass centrifuge tube, 

15 ml of toluene were added and the samples were placed open into a 

Bransonic 12 ultrasonic bath (Branson, Danbury CT, United states) 

operating at 50 kHz for 30 min. Then, the tubes were closed with a glass 

stopper and shaking extraction was performed with an orbital shaker at 160 

rpm for 90 min. Subsequently, the samples were centrifuged at 2000 rpm 

and the toluene supernatant was filtered through a 4-7 µm pore size 

prepleated paper filter (Whatman, Maidstone, United Kingdom) into 60 ml 

amber glass vials. The filter was rinsed with 3 ml of toluene and the 

extraction was repeated a second time with the same procedure. For the 

first experiment, the extracts were collected separately.  

For accelerated solvent extraction (ASE), the soil samples (circa 15 g) were 

weighed and transferred directly into a 66-mL stainless steel extraction cell 

(Dionex, Sunnyvale, CA, USA). PTFE filters were placed at the bottom and 

the top of the extraction cell. Extraction was carried out using an ASE 

(Dionex, Sunnyvale, CA, USA) operating with the following parameters:  

1500 psi, 50°C, static time 15 min and 120 sec purge with N2. For the first 

experiment, three cycles of extraction with toluene were carried out with 

the same parameters and the extracts collected separately.The extracts 

were evaporated in a water bath at 60 °C under a gentle nitrogen flow until 

approximately 5 ml. Finally, the extracts were filtered with 0.45 µm 

regenerated cellulose filters and concentrated to a final volume of ~ 1-2 ml. 
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All experiments were performed in triplicate and non-spiked soils were 

extracted with the same protocol as reference. 

For the second set of experiments, a sandy soil sample spiked at the low 

level (5µg/kg) was extracted using three solvents or solvent combinations. 

In the first subset an extraction using toluene only was carried out based on 

the results of the first experiment. ASE was used to this end with a single 

extraction cycle, whereas sonication combined with shaking was carried out 

using two consecutive extractions (two cycles). The next subset consisted 

of ASE extraction using two consecutive cycles with acetonitrile and 

toluene, respectively (the two extracts were then combined), and 

sonication/shaking using three consecutive extractions: a first one with 

acetonitrile, and the next two employing toluene (combining the three 

extracts). Finally, the third subset consisted of an ASE extraction of the 

spiked soil using two consecutive cycles: first a methanol extraction 

(assuming that methanol would remove polar constitutents from the 

sample; this extract was discarded), followed by a toluene extraction. 

 

2.2.3 HPLC-MS analysis 

Analyses were performed with a hybrid LTQ Orbitrap mass spectrometer 

(Thermo Electron, Bremen, Germany) provided with an ESI interface and 

interfaced to a Surveyor HPLC system (Thermo Electron, Bremen, Germany) 

for the chromatographic separation. The separation was achieved with a 

Cosmosil® Buckyprep column consisting of 3-(1-pyrenyl)propyl groups 

stationary phase (4.6 mm ID x 250 mm, Nacalai-Tesque, Kyoto, Japan) 

equipped with a C18 silica pre-column.  The isocratic elution was obtained 

with a mobile phase composition of toluene/acetonitrile (80/20 v/v) and a 

flow rate of 0.8 ml/min. Post-column addition of methanol was performed 

to improve ionization efficiency in ESI by means of a peek high pressure 

mixing-tee at a flow rate of 200 µl/min. The injection volume was 20 µl. 

With these settings, the retention times of the pristine fullerenes was 20.5 

and 28.5 min for C60 and C70, respectively, whereas the functionalized 

structures [60]PCBM and [70]PCBM eluted at 11.0 and 17.0 min, 

respectively. The mass spectrometer operated according to the settings 

described by Kolkman et al. (2013). Briefly, analysis was performed using 
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negative electrospray ionization and the capillary used was a metal needle 

maintained at a temperature of 400°C. The sheath, sweep and auxiliary 

gases were set to arbitrary units of respectively 30, 10, 10. A source voltage 

of 3 kV and a capillary voltage of -80 V were used. The tube lens was set to 

-200 V. Full scan high accuracy mass spectra were acquired in the range of 

300-2000 m/z with the resolution set at 30,000 (FWHM). External 

calibration curves were obtained analysing standard solutions in toluene at 

concentrations ranging from 1 µg/L to 128 µg/L and quantification was 

based on the sum of the peak areas of the accurate masses of the fullerene 

compound and all its related adducts as described by van Wezel et al. 

(2011). 

 

 

 

2.3 Results and discussion 

 

The experiments performed in this work were aimed to compare two 

extraction techniques: accelerated solvent extraction (ASE in the further 

manuscript) and a combination of ultrasonication and shaking (SSh in the 

further manuscript).  

The first consisted in the comparison of these techniques for the extraction 

of pristine fullerenes spiked into soil at three concentrations: 80, 15 and 5 

μg/kg which will be referred as high, medium and low, respectively. The 

results are presented in Figure 2.1 and in the Table 2.1. In general, similar 

to what was reported in previous studies (Vitek et al. 2009, Shareef et al., 

2010) the overall recoveries were acceptable (≥ 70%) for both C60 and C70 at 

all the concentrations tested with the exception of one (SSh of C70 at low 

concentration, 65%). Variability within the same sample was also 

acceptable and generally below 10%. Furthermore the results indicate that 

(I) consecutive steps of extraction had a more relevant impact on the overall 

recovery in SSh than in ASE. In detail, the contribution of further extractions 

after the first was 6.4%, on average, for SSh and 1.4%, on average, for ASE. 

(II)  For the high and medium concentrations, the overall performance of 
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SSh was better than ASE. Especially in the extraction of C60, SSh showed 

recoveries of 96% on average, 25% higher than that of ASE. (III) However, 

when samples at the low concentration were extracted, ASE showed slightly 

better performance, 8.5% higher than SSh on average. Eventually it must be 

noted that ASE showed similar performances at all the concentrations 

tested whereas SSh delivered lower recoveries when tested for the 

extraction of the low treatments.  

 

 

Table 2.1. Recoveries of consecutive steps extraction for C60 and C70 spiked 

at different concentrations into sandy soil. 

 

ASE: Accelerated solvent extraction (toluene). SSh: Ultrasonication and shaking 
extraction (toluene). 
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Fig. 2.1. Performance of accelerated solvent extraction (ASE, orange) and a 
combination of ultrasonication and shaking (SSh, green) in the extraction of 
(a) C60 and (b) C70 from sandy soil samples. SSh and ASE extraction were 
carried out with toluene; consecutive extraction steps of ASE and SSh are 
indicated by different colors according to the legend. 
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From the results of the first experiment it was concluded that when using 

toluene, one extraction cycle sufficed in the case of ASE, whereas for SSh 

two cycles appeared to be necessary. This information was used in the 

setup of the second set of experiments, where - in addition to a toluene-

only extraction with a single cycle for ASE or two consecutive cycles in the 

case of SSh, the extracts of which were then combined - the influence of 

additional solvents with different polarities were tested on sandy soil 

samples spiked at the low level. In these second set of experiments, also 

functionalized fullerenes, specifically [60]PCBM and [70]PCBM were spiked 

into the soil. 

In general, the recoveries obtained for the four fullerenes when using only 

toluene were acceptable with both the techniques (~70%), confirming the 

results observed for C60 and C70 in the first experiment (Table 2.2). For the 

functionalized fullerenes recoveries were between 64 and 89%.  

 

 

Table 2.2. Recovery of extraction for fullerenes and functionalized 
fullerenes spiked at 5 μg/kg into sandy soil. 

 

ASE: Accelerated solvent extraction. SSh: Ultrasonication and shaking 

extraction.  

 

Although ASE, when using toluene only, provided higher recoveries for all 

the compounds except for C60, the differences between the two 

methodologies were within the variability of the treatment, with the 
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exception of [60]PCBM. With regard to the functionalized structures, 

[60]PCBM was extracted to a higher extent in comparison with the non-

functionalized C60 and the other structures. This could be due to the higher 

polarity of the functionalized C60 that resulted in a larger extractability of 

the compound due to (I) a higher solubility in toluene or (II) a lower binding 

to the soil particles. However, [70]PCBM was recovered to the same extent 

as the pristine fullerenes, suggesting that the functional group did not play 

a role in determining the overall extractability of the fullerenes in the 

present study. The employment of a more polar solvent (acetonitrile), in 

combination with the toluene, was expected to enhance the extractability 

of the fullerenes, but resulted in a decrease of the recoveries of all the 

compounds under investigation (Fig. 2.2b and Table 2.2). This can be 

explained with the fact that, in addition to not recovering the fullerene 

itself, the acetonitrile prevented the toluene entering the soil matrix. Pre-

washing of the samples with methanol was tested as a possible clean-up 

procedure, i.e. aimed to remove the polar components of the sandy soil 

that could interfere with both extraction and detection of the fullerenes. 

However, in this case a large loss in the recoveries was observed (Table 2.2). 

Obviously methanol also extracted a part of the fullerens from the soils 

samples. The methanol pre-wash procedure was not further investigated. 

In general, although SSh showed better performances for higher 

concentrations and ASE was slightly better in recovering fullerenes at lower 

concentrations, the two techniques provided similar results and are 

therefore good options for future studies on the topic. It must be noted that 

this work did not take full advantage of one of the main ASE characteristics, 

which is that of operating at high temperature while organic solvents can 

be kept at the liquid state, due to the high pressure generated in the ASE 

cells. Since fullerene solubility is maximum around 25°C (Ruoff et al., 1993), 

in this work the temperatures were relatively low in comparison with other 

ASE operational procedures. 

With regard to the operational procedures, which in the framework of this 

study should be optimized for routine analysis, best SSh required two cycles 

of extraction whereas ASE achieved good results with one cycle of 

extraction only. Furthermore, ASE is an automated process and, in principle, 

more reproducible. However, during this work, ASE was more time-
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consuming and solvent requiring than SSh with regard to both sample 

preparation and cleanup. Furthermore, extract volumes, which cannot be 

controlled by the operator, were always larger in the case of ASE than those 

obtained in SSh and resulted in further time and materials losses (e.g. 

toluene, nitrogen) during the subsequent concentration step. Due to these 

drawbacks, and because the performance of the two techniques are very 

similar, SSh is recommended for routine analysis since it provides an overall 

faster and more environmental friendly procedure.  Eventually, further 

tests will be required in order to assess the performance of these 

procedures on soil matrices differing in physico-chemical properties such as 

texture and chemical composition.  
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Fig. 2.2. Performance of accelerated solvent extraction (ASE, orange) and a 

combination of ultrasonication and shaking (SSh, green) in the extraction of 

fullerenes and functionalized fullerenes from sandy soil. (a) Samples 

extracted with toluene and (b) samples that underwent pre-extraction with 

acetonitrile.  
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2.4 Conclusions 

The aim of this work was to test two extraction techniques, and specifically 

accelerated solvent extraction (ASE) and a combination of ultrasonication 

and shaking (SSh), for the analysis of fullerenes in soil samples. In general, 

when fullerenes were spiked at the concentration of 80 and 15 μg/kg, SSh 

showed higher recoveries than ASE but at the lower concentration of 5 

μg/kg the two techniques were comparable. Furthermore, optimal 

extraction required toluene only and could not be enhanced with the use 

of more polar solvents in pre-extraction or clean-up steps. In addition of 

being automated, ASE had the advantages of achieving the best results with 

one cycle of extraction, whereas SSh required a double-step procedure. 

Nonetheless, SSh resulted in an overall faster procedure and required less 

materials and energy to be accomplished. Thus, the authors recommend 

the use of SSh for the analysis of fullerenes in soils and especially for 

monitoring studies where a large batch of samples is expected. 

 

 

 

 

 

 

 

 

  


