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The increasing production of fullerenes likely means a release of these chemicals in the environment.
Since soils and sediments are expected to act as a sink, analytical tools are needed to assess the presence
of fullerenes in these matrices. In the present work, a method was developed for the determination of
fullerenes at environmental relevant levels employing Ultra High Performance Liquid Chromatograph
coupled with High Resolution Mass Spectrometry (UHPLC-HRMS). Chromatographic separation was
achieved with a core-shell biphenyl stationary phase that provided fast analysis with complete baseline
separation. lon Booster Electro Spray lonization (IB-ESI) resulted in higher ionization efficiency and was
much less susceptible to adduct formation in comparison with standard ESI, whereas Quadrupole Time of
Flight (QTOF) MS granted high resolution mass spectra used for accurate identification. The Instrumental
method limits of detection (ILoD) and quantification (ILoQ) were 6 and 20 fg, respectively, for C60 and
12 and 39fg, respectively, for C70. Matrix effects related to co-extractants were systematically investi-
gated in soil and sediments extracts through standard addition method (SAM) and monitoring the signal
response during the chromatographic run of these samples. Consequently, minor chromatographic mod-
ifications were necessary for the analysis of matrices with high organic carbon content. The method limit
of detection (MLoD)ranged from 84 pg/kg to 335 pg/kg, whereas limit of quantification (MLoQ) ranged
from 279 pg/kg to 1.1 ng/kg. Furthermore, the method was successfully applied for the analysis of func-
tionalized fullerenes (i.e. methanofullerenes). To the best of our knowledge, this is the first analytical
method for the analysis of fullerenes in soils and sediments that employ core-shell biphenyl stationary
phase as well as IB-ESI-QTOF MS hyphenated with UHPLC.
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1. Introduction

Since their discovery [1], fullerenes and especially C60 have
been subject of a large number of studies mostly focused on
their innovative physical-chemical properties and possible appli-
cations. Fullerenes are already used in cosmetics (as antioxidants)
and in photovoltaics (as electron acceptors) and possible fields of
application include electronics and optics as well as biomedical
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engineering [2-6]. Furthermore, the possibility of derivatization of
their structure e.g. with surface functionalization [7] as well as the
encapsulation of other chemical species [8], is likely to increases the
range of applications of these chemicals. Precise data regarding the
manufactured amounts are missing but the worldwide production
was estimated in tens of tons per year and is expected to increase
in the near future [9,10]. This will inevitably mean a release into
the environment and there are several concerns about their possi-
ble accumulation and toxic effects. Besides, fullerenes can also be
naturally produced (e.g. in energetic events such as volcanic erup-
tions [11] or flame generation [12]) but data are limited and often
contradictory [13]. Thus, the presence of fullerenes in the envi-
ronment may be due to both natural and anthropogenic origins as
well as resulting from transformation of engineered nanoparticles
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(e.g. fullerene derivatives). In this context, fullerenes are nowadays
considered as emerging contaminants and analytical methods are
needed for both environmental and toxicological assessment. How-
ever, only in the last few years have environmental monitoring and
modeling studies been carried out and the knowledge is still lim-
ited. Data modeled based on the estimated production suggested
that the concentrations (Predicted Environmental Concentration,
PEC) of C60 in the environment should range between parts per
billion and parts per trillion with higher concentrations in soil and
sediments than water and air [14]. Thus, soil may act as a sink
for the fullerenes whose source may be direct release and atmo-
spheric deposition but also water transport (in the form of nC60
and/or associated with organic matter) and application of biosolids
[15]. In the last few years, a number of studies have been pub-
lished focused on the extraction of fullerenes and methods are
now available that allow the extraction of these chemicals in a
large number of matrices with acceptable if not excellent recover-
ies [e.g. 16-18]. High Performance Liquid Chromatography (HPLC)
in combination with UV-vis and/or mass spectrometry (MS) is the
most widely used technique for the determination of fullerenes and
issues related to the chromatographic separation of the fullerenes
have been recently reviewed elsewhere [19,20]. Briefly, mobile
phases usually consisted of toluene as a main eluent in combina-
tion with a more polar solvent, such as acetonitrile or methanol,
whereas stationary phases commonly employed include standard
octadecyl silica (ODS) as well as functionalized silica. However,
these methods are often time consuming and seldom optimized
for the analysis of complex environmental samples [e.g. 16,18]. In
this context, core-shell biphenyl is a novel stationary phase, never
applied for the analysis of fullerenes, which may provide a reten-
tion mechanism similar to that of the pyrenylpropyl silica [21].
Regarding the detection, although UV-vis showed promising per-
formance [22] for the determination of fullerenes in environmental
matrices [18], its relatively low sensitivity and its lack of selectivity
in comparison with mass spectrometric detection make it unsuit-
able for the analysis of the low concentrations expected in the
environment. Thus, mass spectrometry is considered as the detec-
tion method of choice and low as well as high resolution methods
have been described. Instruments commonly employed make use
of triple quadrupole [23,24], LTQ Orbitrap [16,25-27], and FTICR
[26] coupled with HPLC systems and Quadrupole time of flight
(QTOF) MS with direct injection [28]. Atmospheric pressure ion-
ization (API) methods were usually employed in negative mode.
Specifically, the use of ESI in negative mode allowed the detec-
tion of fullerenes in soils and water at relatively low concentrations
[16,23] but APPI was recently proposed as a better option due to
the higher sensitivity and less complex mass spectra [24,26,27].
Heated interfaces such as H-ESI were seldom applied and showed
efficiency of ionization generally higher than that of standard ESI,
but lower in comparison with other systems such as atmospheric
pressure photo (APPI) and chemical (APCI) ionizaton [24,26]. In
this context, the lon Booster-ESI (IB-ESI) consists of a modified ESI
source that was recently employed in the screening of drugs in
serum, showing better performance than standard ESI[29,30]. The
additional soft voltage and vaporizer temperature are expected to
enhance the ionization of the fullerenes in comparison with stan-
dard ESJ, i.e. to improve the sensitivity. The analysis of fullerenes in
the environment is challenging because of the low concentrations
expected and only recently monitoring studies have highlighted
the presence of these chemicals in environmental samples (e.g.
soil [23,31], sediments [23,24], surface waters [24,26], wastewater
[27,32] and air [33]). Furthermore, the complexity of some of the
matrices that have to be analyzed (e.g. WWTPs, soil) is an issue dur-
ing both the extraction and analysis of fullerenes [34]. The presence
of co-extractants, with special regard to organic matter content,
could hamper a correct quantification and it may have hindered

the detection in other recent works focused on soil [17] and water
[25]. To date a few studies addressed the challenges of a clean-up
procedure [23] or accounted for the matrix effect during the detec-
tion and quantification of fullerenes. Although fortification (i.e.
standard addition) of environmental samples under investigation
was recently included in monitoring studies, this issue was never
systematically approached and analytical methodologies such as
matrix matched calibration were recommended [24,31]. Thus, in
the present work we developed an analytical method that is specifi-
cally aimed for the analysis of fullerenes in complex environmental
samples such as soil and sediment. The method included the use
of a novel stationary phase, i.e. biphenyl functionalized silica, and
of a heated interface (IB-ESI) in combination with high resolution
mass spectrometry (QTOF-MS).

2. Materials and methods
2.1. Reagents and chemicals

Toluene, methanol, isopropanol and acetonitrile (Biosolve,
Valkenswaard, The Netherlands) were all analytical grade (LC-MS).
The mobile phase modifiers tested were acetic acid (Merck,
Darmstadt, Germany), formic acid (Biosolve, Valkenswaard, The
Netherlands)and ammonium acetate (Sigma-Aldrich, Zwijndrecht,
The Netherlands) whereas sodium hydroxide was purchased by
Merck KGaA (Amsterdam, The Netherlands). Fullerenes C60 (CAS:
99685-96-8) and C70 (CAS: 115383-22-7) were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). Stock solutions of
the individual fullerenes were prepared in toluene, at a concentra-
tion of 5mg/L, and placed on an orbital shaker (Laboshake orbital
shaker, Gerhardt, Kénigswinter, Germany) in the dark overnight.
Further solutions needed for the experiments, including mixtures
of the fullerenes, were obtained by dilution of the stock solu-
tions, stored at 4°C in the dark and sonicated for 2 min before use
(Bransonic 12, Branson, Danbury CT, United states). The analyses
were performed using an UHPLC system (Nexera, Shimadzu, Den
Bosch, The Netherlands) equipped with a binary pump, autosam-
pler and column oven. Retention of the chemicals was achieved
with a core-shell Kinetex 2.6 um biphenyl 100 A chromatographic
column (Phenomenex, Utrecht, The Netherlands) consisting of a
biphenyl stationary phase. The UHPLC system was coupled to a
high resolution Quadrupole-Time of Flight mass spectrometer (Q-
TOF; maXis 4 G upgraded with HD collision cell, Bruker Daltonics,
Wormer, The Netherlands) equipped with either an electrospray
(ESI) or an lon Booster electro spray (IB-ESI) ionization sources
(Bruker Daltonics, Wormer, The Netherlands). High purity nitrogen
was supplied by a N2 generator (Avilo, Dirksland, The Netherlands)
and used for ionization and collision gas.

2.2. Analytical method settings

Internal mass calibration was performed automatically during
each analysis in order to assure good mass accuracy for all the sam-
ples independently of the total analysis time. This was achieved
at the beginning of the analysis (0.1-0.4 min) by infusing a 2 mM
sodium acetate solution in a water isopropanol mixture (1:1, v:v),
with a loop injection of 20 .l and a loop rinse of 20 pl. A tempera-
ture gradient was employed for the ionization source because of the
different optimal temperatures needed for the analysis of the mass
calibration solution and the analytes under investigation. Specif-
ically, the temperature was set at 325°C at the beginning of the
run and was gradually increased after one minute in order to reach
450°C at 2 min (Fig. S1, supplementary information). The sodium
acetate cluster provided ten points of calibration ranging from m/z
387 tom|z 1207 (Table S2, Supplementary information) of which at



A. Carboni et al. / J. Chromatogr. A 1433 (2016) 123-130 125

Table 1
Properties of the soil and sediment samples included in the present study.
Matrix Substrate N[%] S[%] Inorg C[%] Org C[%]
1 Loess soil 0.11 0.02 n.d. 0.90
2 Urban park soil 0.18 0.03 n.d. 2.68
3 River clay sediments 0.14 0.03 n.d. 1.03
4 Sea clay sediments 0.21 0.06 0.64 1.69
5 Carbon-rich sandy soil 0.14 0.04 0.84 2.24
6 Dune sand 0.03 0.01 0.08 0.20
n.d. not detected.

least eight points (standard deviation <0.3 ppm) were taken for the
mass calibration of each sample. The final chromatographic meth-
ods were optimized with regard to the methanol (eluent A) and
toluene (eluent B) amounts employed and consisted of the follow-
ing programs. Method A: flow rate of 400 w1, 40's at 100% eluent A
(focusing step), a linear gradient up to 50% eluent B in 0.3 min, an
isocratic step of 3.50 min at 50% eluent B (elution step) and then a
linear gradient of 20 s to reach 100% eluent B which was maintained
for 2.5 min (cleaning step). Method B: flow rate of 600 .l starting
with 40s at 100% eluent A (focusing step), a linear gradient up to
35% eluent B in 20, an isocratic step of 4 min at 35% eluent B fol-
lowed by a linear gradient of 1.5 min to reach 60% B (elution step), a
linear gradient of 10 sec in order to reach 100% eluent B which was
maintained for 2.5 min (cleaning step). The chromatograms were
divided into four segments: segment 1 (from O min to 0.1 min) to
assure the correct position of the loop, segment 2 (from 0.1 min to
0.4 min) dedicated to the mass calibration, segment 3 (from 0.4 min
to 3.4 min in method A and 4.4 min in method B) for the SRM anal-
ysis of C60 (m/z 720.0005) and segment 4 (from 3.4 min to 7.6 min
for method A and from 4.4 min to 9.6 min for method B) for the
SRM analysis of C70 (m/z 840.0005). After the mass calibration was
achieved, the LC flow was diverted to the waste (0.5 min) in order to
avoid the exposure of the interface to the more polar co-extractants
that eluted at the beginning of the chromatogram. The LC flow was
redirected to the MS (1.5 min in method A and 2.5 min in method
B) to allow the interface to equilibrate before the elution of the
chemicals and then switched again to waste after the elution of the
analytes (4.5 min in method A and 6.5 min in method B). Fullerenes
ESI and IB-ESI spectra were obtained by infusing both individual
and mixture standard solutions in toluene:methanol (1:1,v:v) at
varying concentrations. The optimized working conditions for the
ESI and IB-ESI in negative mode were: capillary voltage 1000V,
end plate offset —400V, charging voltage 300V, nebulizer gas 4.1,
dry gas 3.01/min and dry heater 200 °C. Further settings optimized
for the MS analysis were: funnel radio frequency (RF) at 325.0 Vpp
(voltage point to point), Multipole RF at 300.0 Vpp, collision cell RF
at 1600.0 Vpp, transfer time at 50 ws and prepulse storage time at
25 ps. The mass range analyzed in MS1 was 300-2000 m/z whereas
the spectra rate frequency was set at 2 Hz during all the analysis
performed. Collision energy for MS/MS was set at 100V whereas
the isolation width was 8.00 m/z. The present settings allowed a
mass resolving power up to 80,000 (0.03 m/z FWHM). The [M]~"
and [M+1]~" abundances relative to C60 and C70 were deter-
mined by analysing a standard solution at 500 ng/I repeatedly with
both method A (n=7) and method B (n=7). More details about the
molecular ions and isotopic clusters during the detection are pro-
vided in the discussion section. The Bruker Compass 1.7 software
was employed in both the data collection and data processing.

2.3. Samples collection and treatment

In Table 1, the properties of the soil and sediment samples
included in the present study are reported. The Loess soil (matrix
1) was collected from an agricultural field in South Limburg, The
Netherlands (50°53’58”N, 5°53’16”E). Matrix 2 consisted of an

urban park soil sample collected in Vondelpark, Amsterdam, The
Netherlands (52.3580°N, 4.8680°E). River clay and sea clay (matrix
3 and matrix 4 respectively) were available from the collection of
the Earth Surface Science research group at the University of Ams-
terdam. The sandy top soil rich in organic carbon (matrix 5) was
collected in Flevopark, Amsterdam, The Netherlands (52.3611°N,
4.9492°E) whereas the dune sand (matrix 6) was sampled in a nat-
ural park near Castricum, The Netherlands (52.5500°N, 4.6667°E).
The samples were 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 samples
were finely ground with an agate mortar and sieved. The total car-
bon, sulfur and nitrogen contents of the dried soil samples were
measured using a Vario EL Cube (Elementar, Hanau, Germany). The
inorganic carbon content was determined as reported by Wesemael
[35] as follows: 1g of soil was weighed into a 250 ml Erlenmeyer
provided with a silica gel lid and an excess of HCl 4 M was added.
Control samples consisted of 0.250 g of CaCO3, The samples were
weighed again after 24 h of shaking at 60 rpm (Laboshake orbital
shaker, Gerhardt, Konigswinter, Germany) and the inorganic car-
bon content was calculated accordingly. The soil and sediment
samples were extracted with the protocol already reported by our
group [ 18] with minor modifications, i.e. the temperature was set
at 20+ 2°C as recommended by Perez et al. [17]. Briefly, 10-15g
of each sample underwent two cycles of extraction with toluene
with each cycle consisting of a combination of sonication for 20 min
with a ultrasonic bath (Bransonic 12, Branson, Danbury CT, United
states) and shaking for 2 h (Laboshake orbital shaker, Gerhardt,
Konigswinter, Germany). The extracts were concentrated evaporat-
ing the solvent under a gentle nitrogen flow (enrichment factor 20x)
and stored in a refrigerator at 4°C in the dark. A repeatability test
for the extraction procedure was achieved by spiking and extract-
ing the fullerenes into matrix 6 at the concentration of 100 ng/kg
(n=28) as reported by Carboni et al. [18].

2.4. Sample analysis

Methanol (25% in volume) was added to each sample and
the analyses were performed with an injection volume of 10 pl.
External calibration curves were obtained by analyzing standard
solutions at concentrations ranging from 1 to 500 ng/l and quan-
tification was based on chromatographic peak areas. Instrumental
method limits of quantifications (ILOQs) were assumed as the low-
est measured concentration in the linear range with a deviation
less than 30% of the theoretical concentration injected [36]. The
instrumental method limit of detection (ILoD) was calculated as
3/10 of the ILoQ observed. The method limits of detection (MLoDs)
and quantification (MLoQs) in soil and sediment samples were
extrapolated from the signal-to-noise ratio observed in the chro-
matograms assuming a 70% recovery of extraction [18]. In case of
absence of matrix effect and noise, these values were assumed to be
equal to the ILoD and ILoQ. The criteria used for the identification
of the analytes were: 1 the expected chromatographic retention
time (£+0.2 min), 2 a mass accuracy threshold (<5 ppm) and 3 an
isotopic pattern fit threshold (<50 mSigma), where mSigma rep-
resents the goodness of fit (the smaller the better) between the
measured and theoretical isotopic pattern [37]. For the standard
addition method (SAM) experiments, each matrix was spiked with
both C60 and C70 fullerenes at increasing concentrations (25, 50,
100, 250 and 500ng/l) in order to obtain concentration versus
response curves (Supplementary information). Standard solutions
at the same concentration were also analyzed to allow a compar-
ison in terms of linearity, slope and intercept. In addition, the ion
suppression/enhancement due to the matrix effect was evaluated
interms of response recovery by comparing the peak areas obtained
for C60 and C70 spiked into the extracts with those obtained
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analyzing standard solutions at the same concentrations. The
matrix effect (ME) was further investigated by continuously infus-
ing a fullerenes standard (1 g/l in toluene) into the MS source
while injecting the matrices extracts. This allowed us to moni-
tor the detector response during the chromatographic run, i.e. the
matrix suppression/enhancement during the analysis. For this pur-
pose a 5 ml glass chromatographic syringe and syringe pumps (KD
Scientific, Holliston MA, United States) operating at 0.2 ml/h were
employed.

3. Results and discussion
3.1. UHPLC-HRMS

The first aim of the present work was to assess the performance
of the biphenyl stationary phase selected for the separation of
the fullerenes. When method A was applied, C60 and C70 eluted
at 3.1 min and 3.8 min respectively (Fig. 1) with fully resolved
(Rs>1.5) and highly symmetric chromatographic peaks. Similar to
what is observed with columns that are specifically designed for
the separation of fullerenes, e.g. the pyrenylpropyl functionalized
silica (Buckyprep), with biphenyl groups the main interactions are
expected to be the pi-pi-interactions and pi-stacking between the
aromatic rings in the fullerenes and those of the stationary phase.
However, as suggested by Nufiez et al. [26] the size of the buck-
yballs may play a role in the retention mechanism. The biphenyl
stationary phase was an optimal compromise for selectivity and
rapidity when compared with other materials that were usually
employed providing higher retention than the standard octadecyl
silica and shorter analysis time in comparison with the pyrenyl-
propyl functionalized silica. It must be noticed that the analysis
time may be shortened when using a shorter column with smaller
particle size (i.e. 1.7 wm) that is currently available on the mar-
ket. The “focusing step” i.e. the application of a 100% methanol
at the beginning of the chromatographic run, resulted in a bet-
ter peak shape and sensitivity and may be explained with the fact
that the analytes accumulated at the start of the column (focused)
until a stronger solvent was provided. The use of ESI-HRMS was
already investigated by some of the authors of the present work
[16]. In those studies, a consistent formation of adducts during
the ionization process was reported, consisting of both oxidized
products ([M+0]~", [M+OH] —") and methanol and/or toluene
adducts (mostly [M+0CH3]~" and [M+C7;H70,]~"). In contrast,
IB-ESI-HRMS provided mass spectra that were dominated by the
isotope cluster of the molecular ions with an only minor abundance
of [M+16]~" adducts as shown in Fig. 2. Similar to what has already
been reported in other studies, the method was more sensitive for
C60 than C70 (a factor of 2) at all the concentrations tested. Further-
more, in the present study the IB-ESI signal response was several
orders of magnitudes higher than that of ESI stand-alone for both
C60 and C70 (data not shown). Thus, ESI was not taken into consid-
eration for further analysis. In the present work, sodium acetate
was selected for internal mass calibration because it can stand
higher temperatures in comparison with other commonly applied
calibration solutions (e.g. sodium formate). This allowed the deter-
mination of the accurate masses of fullerenes with errors lower
than 5 ppm. In comparison with APPI, where toluene was used as
a dopant to improve the ionization efficiency, ESI analysis required
the presence of methanol during ionization that can be added post-
column as already described [16]. The post column addition was
not needed in the present work since methanol was one of the con-
stituents in the mobile phase during the elution of the chemicals.
It must be noted that fragmentation of the fullerenes could not be
obtained even at extremely high collision energies (>100 eV). Thus,
although multiple reaction monitoring (MRM) mode was applied

in the present work, the MS2 analysis corresponded to [M]~"a[M]~"
transitions (pseudo-MRM) and the MS2 spectra resembled the MS1
ones (Fig. 2b and e) in which adducts and background masses
(e.g.m[z 731.4124 in Fig. 2a) were removed. Nifiez et al., reported
higher than expected relative abundances of the isotopic cluster
ions when using APPI with special regard to the m/z [M+1]~* and
an enhanced effect on larger fullerenes [26]. In their work they
demonstrated that the addition of hydrogenated products to the
peaks corresponding to the 13C natural abundance may account for
the phenomenon. Furthermore, Emke et al., showed that the unex-
pected isotopic distribution was due to the presence of methanol
during the ionization, a phenomenon not observed when toluene
was the only solvent employed [27]. If highly resolving systems,
such as FTICR MS, are not available, anomalous isotopic abun-
dances may hinder a qualitative detection of fullerenes. Especially
when analyzing non-functionalized structures, such as C60 and
C70, the lack of MS/MS fragmentation implies that the main iden-
tification points must be provided by the accurate mass and cluster
distribution. In the present work the C60 spectra presented molec-
ular ions at m/z [M]~", [M+1]~*, [M+2]~* and [M +3]~* consistent
with the theoretical isotopic patterns (Fig. 1c) and those obtained
by ESI, whereas C70 showed slightly higher than expected m/z
[M+1]~" abundance in MS1 Fig. (2a and f). In detail, C60 presented
a[M+1]~"/[M]~" ratio of 0.64 +0.05 (versus the expected value of
0.65) whereas C70 presented a ratio of 0.77 £ 0.03 (versus the 0.74
expected).

Identification points in the present work were provided by the
chromatographic retention times and the accurate mass detection
and isotopic clusters in both MS1 and MS2. Calibration curves,
obtained analyzing standard solutions of the fullerenes, showed
high linearity (R2 > 0.998) and the ILoD and ILoQ were 0.6 and 2 ng/],
respectively, for C60 and 1.2 and 4 ng/l, respectively, for C70. These
results indicate that the IB-ESI-HRMS system allowed the deter-
mination of fullerenes at concentrations lower than those of other
ESI-MS and heated ESI methods applied [25] and similar to those
of APPI-MS methods recently developed [24]. Finally, the method
was also tested for the determination of fullerene derivatives to
assess the possibility to include functionalized structures inves-
tigated in our previous works [16,18]. The method was suitable
for the analysis of the methanofullerenes that were completely
resolved (Rs > 1.5) from the related non functionalized structures at
the beginning of the chromatogram (Fig. S5, Supplementary infor-
mation).

3.2. Matrix effects

The method we developed was tested for the determination of
fullerenes spiked into extracts of soils and sediments. Soil and sedi-
ment samples were chosen in order to represent a range of possible
environmental matrices and textures (e.g. clay, sand) and the selec-
tion included samples with varying inorganic and organic carbon
contents whereas nitrogen and sulfur concentrations were similar
between the samples (Table 1). After the extraction, the sample
extracts were spiked with fullerenes in order to investigate the
analysis of the chemicals in presence of the co-extractants. The use
of fullerene standards in organic solvent for the spiking of samples
has often been the subject of debate since it is not expected to rep-
resent the real conditions at which the chemicals are present in
the environment [18,38]. However, in the present work, standard
solutions in toluene were directly added to the toluene extracts,
thus the results hereby presented will help in understanding the
behavior of fullerenes that are already present in the extracts with
no effect of the extraction procedure applied to the original sam-
ple. According to a previous study, the texture of the soil samples
should be of a minor concern when analyzing fullerenes [18]. On
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Fig.1. Chromatographic separation of C60 (left) and C70 (right) standard at 500 ng/1. The continuous and dashed lines represent the MS1 and MS2 chromatograms respectively.
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Fig. 2. (IB)ESI-QTOF mass spectra of C60 and C70 MS (a and d respectively) and MS2 (b and e respectively). In Fig. 2c¢ (C60) and 2f (C70) a comparison between measured

(top) and expected (bottom) m/z clusters.

the contrary, the presence of carbon and specifically organic matter
in the samples is expected to play a major role, e.g. by hindering
the detection and quantification of the chemicals (matrix effects,
ME). The ME may either cause the enhancement or the decrease of
the method’s accuracy and sensitivity. It must be noted that during
the sample preparation, an addition of methanol at percentages
higher than 25% of the final volume caused precipitation in the

extracts with the highest carbon content (matrix 2). This was due
to the large content of non-polar co-extractants resulting from the
extraction with 100% toluene. Therefore, although the initial opti-
mization was achieved with a toluene:methanol ratio of 1:1 (v:v),
the final composition of each sample injected into the UHPLC was a
toluene:methanol ratio of 3:1 (v:v). The high collision energy values
(100V) applied during the analysis led to a “Background clean-up”,
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Fig. 3. MS1 (top) and MS2 (bottom) spectra of C60 spiked at the concentration of 25 ng/1 in presence of high organic carbon content (matrix 2).
Table 2
Results of the standard addition experiment for C60 and C70 with the use of the method A (left) and method B (right)?. For matrix descriptions, see Section 2.3.
C60 Method A Method B
MS1 MS2 MS1 MS2
2 %Rec r? %Rec 2 %Rec 2 %Rec
Matrix 1 0.997 122+15 0.993 123+13 0.998 116+ 14 0.999 120+£20
Matrix 2 0.998 6+3 0.999 13+10 1.000 67+6 1.000 69+9
Matrix 2 dil 10x 0.989 141+16 0.997 106 £5 0.998 123+6 1.000 110+6
Matrix 3 1.000 102+6 0.997 105+5 0.999 98+6 1.000 108+3
Matrix 4 0.999 112+7 0.997 115+7 1.000 110+7 1.000 118+9
Matrix 5 1.000 119+6 0.997 108 £5 0.999 82+8 0.981 101+£18
Matrix 6 0.999 113+1 0.998 113+3 0.999 107 +5 0.999 115+8
C70
Matrix 1 0.995 105+8 0.998 101+8 1.000 96+5 0.999 107+7
Matrix 2 0.997 29+7 0.998 21+1 0.998 45+11 1.000 39+3
Matrix 2 dil 10x 1.000 151+5 1.000 133+7 0.999 116 +11 1.000 108 +7
Matrix 3 0.999 100+3 1.000 98+6 1.000 88+4 1.000 102+4
Matrix 4 0.999 108 +9 0.999 105+6 1.000 97+3 1.000 106 +6
Matrix 5 1.000 113+£3 1.000 1004 1.000 77+2 0.999 82+4
Matrix 6 0.999 101+4 1.000 101+3 1.000 99+3 1.000 104+4

2 12 =regression coefficient of the standard addition lines; Rec% =recovery; Matrix 2 dil 10x = matrix 2 diluted ten times; method A and method B differ in the mobile phase
composition during the isocratic step (50:50,MeOH:Tol and 65:35,MeOH, respectively) and flow rate (400 and 600 ul/min, respectively).
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Fig. 4. Response of C60 post-column infused directly into the IB-ESI-MS during chromatographic runs of the soil or sediments extracts using a gradient elution of
methanol:toluene (method A). The black line represents a pure solvent injection in comparison with matrix 1 (light blue), matrix 2 (red), matrix 3 (orange), matrix 4
(yellow), matrix 5 (blue) and matrix 6 (green). The start of section b corresponds to the moment the gradient reaches 100% toluene, at the start of c the gradient program
returns to initial solvent composition (see Section 2.2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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i.e. the degradation of the co-extractants, with resulting extremely
clean MS2 spectra. This allowed the unambiguous determination
of the fullerenes in all the samples, even at concentrations as low
as 25 ng/l (Fig. 3). The results of the SAM experiments are reported
in Table 2 and more comprehensively in Supplementary informa-
tion (Table S6). The response was linear (R?>0.99) for both C60
and C70 in all the matrices tested (with the only exception of C60
in matrix 5 when analyzed in MS2), and no significant difference
(P>0.05, F-test for covariances) was observed between MS1 and
MS2 measurements in the same matrix. It should be noted that,
although relative small intercepts were observed, these were not
significantly different from zero (P> 0.05). However, a significant
difference (P<0.05) was present when comparing the response
recovery of different samples. Indeed, although the majority of the
matrices showed recoveries ranging from 100% to 122%, i.e. fea-
turing either no ME or a slight enhancement of the response, a
large signal suppression (specifically 6% recovery for C60 and 29%
recovery for C70) was found in the matrix with the highest carbon
content (matrix 2). This effect was not observed in other matrices
with a high organic carbon content (matrix 4 and matrix 5) indicat-
ing that the percentage of organic matter in the samples was not
the only property determining the ion suppression and that other
feature such as its chemical composition may play a role. However,
when the extract from matrix 2 was diluted ten times (matrix 2 dil
10xinTable 2),anenhancement of the response was found, which is
consistent with that observed in matrices that have a lower organic
carbon content. This suggests that although the chemical compo-
sition of the co-extractants played a role in the ion suppression,
their concentration was likely the main reason for the response loss
observed in the extract of matrix 2. The MLoDs were extrapolated
assuming a 70% recovery of extraction from the matrices (see mate-
rials and methods) and ranged from 84 pg/kg for C60 to 168 pg/kg
for C70 whereas MLoQs ranged from 279 pg/kg for C60 to 559 pg/kg
for C70 (method A). However, in the case of matrix 2, which showed
a strong matrix effect, these values were a factor of 30 higher for
C60 and a factor of 5 higher for C70. The smaller suppression of the
C70 signal in comparison with C60 may be explained by the fact
that, being more retained during the analysis, C70 eluted in a posi-
tion of the chromatogram that was less affected by the more polar
co-extractants. The matrix effect due to the co-extractants in the
samples was monitored by injecting the matrices while infusing the
fullerenes in the MS system. The signal suppression was due to the
more polar fraction of the co-extractants, eluting at the beginning
of the chromatographic run where a higher percentage of methanol
was present. In particular, as shown in Fig. 4, the matrix 2 (red line)
suffered a large signal suppression at the beginning of the analysis
(Fig. 4a) whereas signals from other matrices with a high organic
carbon content were not suppressed (matrix 4 in yellow) or were
affected to a lesser extent (matrix 5 blue line).

Flushing with toluene (100%) (Fig. 4b), in order to remove the
more non-polar fraction that may remain in the column and affect
the next injections, ultimately restored the response to the max-
imum levels as shown in Fig. 4c. During the flushing stage of
the chromatogram (b), however, no signal was present because
of the absence of any methanol and consequent lack of ioniza-
tion of the fullerenes (Fig. 4b) in the ESI. Matrices 2 and 5 were
selected for further experiments aimed to improve the analytical
method for the determination of fullerenes in complex matrices
with mitigation of the ion suppression. Three mobile phase modi-
fiers: acetic acid, ammonium acetate and formic acid, were tested
at varying concentrations with the purpose of attenuating the ion
suppression. However, since the addition of formic acid resulted in
a near or complete loss of the response whereas both acetic acid
and ammonium acetate suppressed the signal to a large extent,
these modifiers were not taken into account for further analysis.
The large suppression may be due to the susceptibility of the ESI

to buffer salts in comparison with APPI as mentioned by Nufiez
et al. [26]. Also the modification of the mobile-phase composi-
tion with increasing amounts of isopropanol and acetonitrile did
not lead to any improvement in recovering the response and, in
the case of acetonitrile, caused the formation of adducts at the
m/z [M+40]~" for both C60 and C70. Subsequently, the modifica-
tion of the mobile phase composition was tested with regards to
the methanol:toluene ratio. In detail, weakening the eluotropicity,
i.e. increasing the amount of methanol, delayed the elution of the
fullerenes and enhanced the separation of interfering compounds
in the biphenyl column, with a general improvement of the signal
response (Supplementary information, Fig. S7). Optimal conditions
were found at 65:35 (methanol:toluene, v:v) whereas further addi-
tion of methanol (e.g. 70:30, v:v) increased the retention time of
the fullerenes and broadened the peak, with no further enhance-
ment of the response. Finally, the original method (method A) was
modified accordingly by changing the methanol:toluene ratio in the
isocratic step from 50:50 (method A) to 65:35 (method B). Further
optimization of the methods consisted in the addition of a wash-
ing step (100% toluene) at the end of the analysis and to divert
the LC flow to the waste in order to prevent the exposure of the
source to the co-extractants at the beginning of the analysis and
provide higher sensitivity and better peak shape of the fullerenes.
In the resulting method B, the retention times of the fullerenes were
delayed, with C60 and C70 eluting at 4 and 6 min respectively (Sup-
plementary information, Fig. S8) and the ILOD and ILOQ were 12 and
39fg, respectively, for C60 and 23 and 78 fg, respectively, for C70.
When method B was applied, a considerable improvement in the
response recovery of C60 was observed for the matrix 2 (from 6%
to 67%) and minor but consistent improvements were obtained for
C70 (from 29 to 45%), as reported in Table 2. This corresponded to a
MLoD and MLoQ of 168 pg/kg and 559 ng/kg, respectively, for C60
and 335 pg/kg and 1.1 ng/kg, respectively, for C70. Furthermore, no
significant difference (P<0.05) was found when comparing the per-
formances of the two methods for the analysis of the other matrices.
Eventually, we recommend the use of method B (10 min) for moni-
toring studies, since it can provide a more reliable measurement of
the fullerenes in a wider range of matrices. In particular, method B
should be employed in the analysis of soils and sediments as well as
wastewater samples that can consist of complex matrices possess-
ing high organic carbon contents. However, method A can provide
a faster (8 min) and more sensitive analysis for the determination
of fullerenes in standard solutions and less complex samples such
as sandy soils with low organic carbon contents.

4. Conclusions

In the present work we developed a sensitive and fast method
for the determination of fullerenes in soils and sediments. The
biphenyl-coated stationary LC phase provides an adequate reten-
tion and represents a valid alternative to other stationary phase
materials currently applied with promising perspectives for the
analysis of complex mixtures including functionalized fullerenes.
We also showed how heated ES], i.e. the IB-ESI employed in the
present work, can grant an ionization efficiency higher than that
of standard ESI and comparable to that of other recently devel-
oped APPI methods, with the advantage of producing isotopic
patterns that resemble the theoretical ones. In general, the high
resolution and the clarity of the mass spectra allowed an unam-
biguous determination of the fullerenes in all the samples under
investigation, without the need of an additional clean up, and at
low concentrations that are environmentally relevant. The matrix
effect due to the presence of co-extractants was investigated and
the method is robust and flexible with regard to the analysis of
very complex matrices such as soils having high organic carbon
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contents. However, the matrix effect and specifically the ion sup-
pression/enhancement during the analysis remains an issue and
the use of internal standards (e.g. isotopically labeled), if avail-
able, as well as matrix matched calibration are recommended for
a more precise determination. Due to its favorable qualitative and
quantitative features, the method developed in the present study
is a valid tool for the monitoring of fullerenes in soils and sedi-
ments and for the study of the fate of these novel contaminants at
environmentally relevant concentrations.
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