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� A 0.05(v/v)% NH4OH solution was
used for three different fullerene
suspensions.

� LOD of the Orbitrap HRMS is about
0.1 mg L�1.

� The water matrix (e.g. sewage water)
does effect the size of the aggregates.
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A B S T R A C T

In order to assess the environmental risks of a compound it is imperative to have suitable and reliable
techniques for its determination in environmental matrices. In this paper, we focused on a method
development for the recently introduced online coupling of a field flow fractionation (FFF) system to an
Orbitrap-HRMS, that allows the simultaneous size and concentration determination of different aqueous
fullerene aggregates and their concentrations in different size fractions. A 0.05% NH4OH solution in water
was identified as the best carrier liquid for the analysis of the three different aqueous fullerene
suspensions (C60 [60], [6,6]-phenyl-C61 butyric acid methyl ester ([60]PCBM) and [6,6]-(bis)phenyl-C61

butyric acid methyl ester ([60]bisPCBM)). The multi-angle light scattering (MALS) data received after
employing the ammonia solution was consistent with both the theory and calibration using well defined
Au and latex particles. The LODs obtained using Orbitrap HRMS detection were 0.1 mg L�1 for an injection
volume of 100 mL which are significantly better than the LODs obtained by using UV (20 mg L�1) and
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MALS detectors (5 mg L�1). However, these LODs can be further improved as in theory there is no limit to
the amount of sample that can be injected into the FFF. Environmental samples (river and sewage water)
were spiked with fullerenes and the fractograms obtained for these samples revealed that the matrix
does affect the size of fullerene aggregates. Information on the size distribution can be useful for the risk
assessment of these particles.

ã 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanoparticles (NPs) are by definition 1–100 nm in size in at
least one dimension. They display unique chemical and physical
properties such as large surface/area ratio, thermal stability, low
permeability and high conductivity [1–3]. Therefore, nanoparticles
have been applied in personal care products, drug delivery systems
[4] and solar cells [5]. The estimated revenue for nanotechnology
and nanomaterials in consumer products in 2015 is around five
trillion dollars [6]. This growing interest in nanotechnology
applications and products led to consider NPs as environmental
contaminants [7]. Meanwhile, several papers report on the
presence of various NPs in the environment [8–12].

NPs can be subdivided into inorganic and organic compounds.
The latter category includes the carbon-based fullerenes. These
nanoparticles are produced in amounts of 1500 t per year [13].
Therefore, the OECD placed them on the list of environmentally
relevant nanomaterials [14].

Due to an anticipated rising production level, fullerenes can find
their way into the environment via various routes and can be
expected in the air, water, soil and sediment [15,16]. For surface
water [16,17] industrial effluent [17] and sewage water [18] this has
already been shown. In rivers and industrial effluent concen-
trations up to 130 ng L�1 were found. In sewage the concentrations
were often significantly above 1 mg L�1. In these studies fullerenes
were analysed after extraction from the aqueous matrix. This
allows the determination of the total concentration. Unfortunately,
this approach does not enable the determination of the fullerene
concentrations in different size fractions nor does one get
information on the size of the aggregates in water. However, the
tendency of fullerenes to form stable nanometer-sized clusters is
an important characteristic. Without this ability their solubility
would be less than 10�11mg L�1 in water [19,20]. The moment
these aggregates are formed the solubility is several orders of
magnitude better (up to mg L�1). As size dependent toxicity has
been demonstrated for other nanoparticles [21], knowledge about
the size of the aggregates is crucial for risk assessment.

To enable measurement of the aggregates or to determine in
which size fraction they accumulate, samples need to be analysed
directly without any pre-treatment that could result in their
disintegration. A technique that allows this is flow field fraction-
ation (FFF) in combination with light scattering techniques, such as
multi angle light scattering (MALS).

During the last years, FFF techniques (especially asymmetrical
flow field-flow fractionation (AF4)) have been applied in different
fields [8,22–26]. FFF is a size separation technique similar to size-
exclusion chromatography (SEC) but without the use of a packed
column and with a wider size range than SEC. The fractionation
principle of FFF is based on applying an external perpendicular
field to a main parabolic flow in an open flat channel (a detailed
explanation of FFF and AF4 principles is given in several papers and
books [12,25,27–32]). The elution time is related to the diffusion
coefficient of the particle which in turn can be linked to their radius
(Stokes–Einstein equation). As FFF alone does not yield any
information on the particles (except for the size calculated from
the elution time, Supporting information Eq. (E3)), a detector is
needed. Most commonly UV, ICP-MS, ICP-OES or MALS detectors
are used. However, for measuring organic compounds at environ-
mentally relevant concentrations these detectors are not suitable
as they either cannot detect organic particles (ICP) or they are not
sensitive enough (UV, MALS) [33–35]. Neither of these detectors is
able to characterise the fullerenes to boot.

Isaacson and Bouchard proposed the use of AF4 with offline
LC–MS analysis for the size distribution determination of aqueous
fullerene aggregates (aqu/nC60) at environmental concentrations
but it has not been done yet [36]. In an earlier short communica-
tion, we describe the technical setup needed to allow the analysis
of fullerenes in environmental samples with an AF4 coupled to an
Orbitrap MS with an APPI [37]. The coupling of AF4 to an HRMS has
never been reported before. The high flow rates needed for AF4, as
compared with liquid chromatography, makes online coupling of
AF4 to MS difficult and therefore we used a low detector flow rate,
taking advantage of a split pump that allows to divert analyte-free
solution away from the detector. As far as we know only one other
paper reported on online MS detection to an FFF. However, these
authors used hollow-fibre FFF (HF5) for the analysis of proteins
[26]. The coupling of HF5 to MS is more feasible than other FFF
techniques because of the lower flow rates required for the
fractionation (below to 400 mL min�1).

In the present paper, we report on the optimisation of the
AF4 method to analyse fullerenes in environmental samples and
will make use of the earlier mentioned online-coupling of the
Orbitrap HRMS to the AF4 [37]. Fullerenes aggregates were
separated in the AF4 channel and subsequently measured by MS
using an atmospheric pressure photo ionisation interface (APPI), as
this proved to be the most suitable technique [38,39]. Size
determination is achieved by (I) measuring at a concentration high
enough for the MALS detector and (II) by using calibration
compounds (Au nanoparticle and latex particles). We propose the
use of a different eluent than MilliQ-water, as we can demonstrate
that in this eluent the fullerenes aggregate size does not coincide
with the theory nor does it overlap with the size of other
nanoparticles, that were used for calibration purposes.

2. Materials and methods

2.1. Reagents and chemicals

C60 (purity > 99.9%) was purchased from Materials and Electro-
chemical Research Corporation (Tucson, AZ, USA). [6,6]-phenyl-C61

butyric acid methyl ester ([60]PCBM) (purity > 99%) and [6,6]-(bis)
phenyl-C61 butyric acid methyl ester ([60]bisPCBM) (purity >
99.5%) were purchased from Solenne B.V. (Groningen, The
Netherlands). Toluene (ultraresidue analyse grade) and anisole
were obtained from J.T. Baker (Boom, Meppel, The Netherlands),
NaCl from Sigma–Aldrich (Steinhem, Germany) and ultrapure
water (resistivity > 18 MV cm�1) was obtained from a Milli-Q
water purification system (Millipore, Amsterdam, The
Netherlands). The individual stock solutions of fullerenes
(500 mg L�1) and a mixture stock solution (40 mg L�1) were
prepared in toluene and used for quantification purposes by LC-
HRMS method. The individual aqueous fullerenes suspensions
were prepared by extended stirring [37]. Around 10 mg of each
compound was weighted and placed in a glass bottle containing
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500 mL of Milli-Q water. They were stirred in the dark for more
than one month at 25 �C. The exact concentration of the aqueous
solution was determined by liquid–liquid extraction method and
LC-HRMS. Gold nanoparticles were bought from Nanocomposix
(San Diego, USA). Latex suspensions were bought from
Sigma–Aldrich (Steinheim, Germany).

2.2. Sampling

Surface water samples were taken from the river Drentsche Aa.
24 h flow dependent composite samples of sewage water (influent
and effluent) were taken from a sewage treatment plant with a
catchment area of 15 km2 also covering a high density motorway
network. In an earlier study the concentration of C60 in the influent
was found to be 19 ng L�1 [39].

2.3. Liquid–liquid extractions

Liquid–liquid extraction (LLE) was used to quantify the total
amount of fullerene in the suspension used for optimisation
purposes. LLE extraction was done by mixing 2 mL of aqueous
suspension (filtered by 0.45 mm regenerated cellulose (RC) syringe
filter) with 2 mL of 10% (w/v) NaCl solution in Milli-Q water and
2 mL of toluene in a glass vial. The solution was shaken at 150 rpm
for 1 h and afterwards, an aliquot of the organic layer was directly
analysed by LC-HRMS method. For higher aqueous sample volumes
the same ratio (2:1) between aqueous solution and toluene was
used but the sodium chloride was directly dissolved in the aqueous
fraction to obtain a concentration of 5% (w/v) in NaCl. An aliquot of
the organic layer was concentrated to less than 1 mL using an
automated blow-down apparatus (Barkey, Germany), adjusted to
1 mL with toluene by weight and analysed by LC-HRMS method.

2.4. LC-(Orbitrap) HRMS analysis

The LC-HRMS method used for quantification of the concentra-
tion of fullerenes in aqueous suspensions was developed and
validated in a previous paper [39]. The chromatographic system
was a Surveyor HPLC from Thermo Electron (Bremen, Germany). It
was coupled to a hybrid LTQ Orbitrap mass spectrometer using an
atmospheric photo ionisation interface (APPI). The chro-
matographic column used (250 � 2.0 mm; 5 mm) was a Cosmosil
Buckyprep (NacalaiTesque, Japan) with a pyrenylpropyl bonded
silica-based stationary phase. This column was designed for
fullerene analysis by isocratic elution with pure toluene.

2.5. AF4-UV-MALS analysis

A Postnova AF2000 system (Postnova Analytics GmbH, Lands-
berg, Germany) was used. The AF4 module was coupled online to
an UV detector (Shimadzu) followed by a Multi Angle Light
Scattering detector (Postnova). The AF4 trapezoidal channel was
27.5 cm long from tip to tip, three different spacers (190, 250
350 mm) were tested and the permeable wall consisted of either
10 kDa regenerated cellulose (RC) membrane or 10 kDa PES
(polyethersulfone) (Postnova). For the optimised programme the
190 mm spacer and the RC membrane were chosen. The carrier
liquid used for the MS experiments was Milli-Q water with 0.05%
NH4OH (pH 9) and the injection volume for optimisation experi-
ments was set at 100 mL using an autosampler device (Postnova).
The optimised FFF programme was as follows: the injection and
focusing period took 5 min with a 0.2 m L�1 injection flow,
1.4 mL min�1 focusing flow and 1.5 mL min�1 cross-flow. The
fractionation programme consisted of a constant cross-flow for
3 min, followed by cross-flow decay (power 0.2) for 12 min and a
5 min period in which the cross-flow was set at 0 mL min�1. At all
times the detector flow rate was 0.1 mL min�1 and the slot pump,
which removes the upper layer (which does not contain analytes)
of the carrier liquid at the end of the channel, was set at
0.5 mL min�1. Thus, the effective outlet flow during fractionation
was 0.6 mL min�1. The UV detector was set at 280 and 330 nm for
fullerene analysis and the MALS instrument contains 21 detectors.
The equation for particles with an unknown shape (random coil)
was used (Supporting information Eq. (E2)).

2.6. AF4-(Orbitrap) HRMS analysis

For the analysis of fullerenes using FFF coupled to an Orbitrap
HRMS we used the previously described setup [37]. The
AF4 module and conditions were the same as those described in
for AF4-UV-MALS analysis. For the online coupling with a hybrid
LTQ Orbitrap (Thermo Electron), an APPI interface (Thermo
Electron) with a SyagenPhotoMate VUV Krypton lamp (20 eV)
was used with a special lab-made device to introduce the dopant
flow through to the auxiliary gas port. The outlet flow from the
AF4 channel was connected to the inlet of the APPI probe and an
HPLC pump was used to introduce toluene via the auxiliary gas
[37]. To optimise HRMS measurements, the stock aqu/nC60

solution was infused into the source with a syringe pump
connected under AF4 flow conditions. The exact mass
720.00055 m/z [C60]�� corresponding to the molecular ion of C60

was monitored in full-scan at a resolution of 30,000 FWHM over a
mass-range of 300–1300 Da with the microscans set to 10. The
optimised values thus obtained were �20 V for capillary voltage,
�200 V for tube lens, 350 �C for capillary temperature, 500 �C for
vaporiser temperature, 20 AU for sheath gas and 10 AU for auxiliary
gas. The probe position was set at position C (vertical), 0 (side-to-
side) and 0.75 mm (front-to-rear). The dopant toluene was infused
at a flow rate of 100 mL min�1. The identification and confirmation
of target analytes was done following the guidelines of the
European Directive 2002/657/EC using the isotopic mass corre-
sponding to one atom of 13C [37]. Four identification points (IP)
were obtained for confirmation purposes.

2.7. Ultrasonic assisted extraction

Ultrasonic assisted extraction (UAE) was used for the extraction
of the fullerenes from the membranes during recovery experi-
ments. The membranes were dried overnight in an oven at 50 �C,
cut in small pieces and placed in an Erlenmeyer flask with 25 mL of
toluene. The membranes were extracted in an ultrasonic bath for
1 h, the toluene extract was concentrated to less than 1 mL using an
automated blow-down apparatus and adjusted to 1 mL with
toluene by weight and analysed by LC-HRMS method.

3. Results and discussions

3.1. AF4-optimisation

The AF4-principle is accurately described in several papers
[12,25,27–32]. Different parameters can be adjusted to optimise
the separation (carrier liquid, cross-flow, detector flow, fraction-
ation mode, spacer thickness, nature of membrane, injection time
and focusing time). Several papers describe the effects of changes
made to these parameters [36,40,41], however, to the best of our
knowledge the optimisation of the fullerene cluster separation
using FFF coupled to an Orbitrap HRMS has not been described
before by any other research group. Due to the polydispere nature
of aqueous C60 colloids suspensions, the result of the separation
process will be a broad peak [36] or signal rather than distinct
signals as can be expected for monodisperse particles, such as gold
[41,42]. In this paper, we focus both on improvement of the
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response of the analyte in MS in order to develop a method for the
analysis of environmental waters in which the concentration of C60

is in the order of a few ng L�1 and also obtain a method capable to
determine the size of fullerene aggregates from fractionation time
because MS detector does not provide information on size.

3.1.1. Carrier liquid
It is well known that carrier liquids have an important influence

on the fractionation performance as demonstrated in a number of
papers dealing with different electrolytes and surfactants
[11,32,43]. The reason for the use of electrolytes and surfactants
is the reduction of electrostatic repulsion between colloids
(stabilisation of the colloidal solution) and reduction of the
colloid–membrane interaction. For fullerenes eluents other than
ultra-pure water have never been mentioned in literature so far.
However, separation in Milli-Q water cannot be achieved as the
retention time for the cluster is not in agreement with the theory
(see Fig. 1). For this reason various additives were tested. Although
the application of a mass spectrometer renders non-volatile
additives unsuitable, for the optimisation of the FFF-separation
without the MS connected also non-volatile additives are
considered as those could still be applied if no MS is being used.
Ultrapure water, 1 mM Na2B4O7, SDS 0.01% (w/v), NaHCO3 0.01%
(w/v), HCOOH 0.01% (v/v) and NH4OH 0.05% (v/v) were tested using
a spacer thickness of 250 mm and constant cross-flow conditions.
For SDS, NaHCO3, and HCOOH solutions no UV or MALS signal for
the fullerenes was observed. The aggregation of fullerenes is highly
dependent of the ionic strength (Na+, Ca2+). The aggregate size
increased greatly at low pHs and high concentrations of salt
(>100 mM NaCl) [44]. Therefore, NaCl and acidic solutions cannot
be used. When ultrapure water or basic solutions (Na2B4O7 and
NH4OH, pH 9) are used, size separation of the fullerene aggregates
is observed. The area obtained and the average radius across the
peak with the three carrier liquids were the same, which indicates
that these solutions do not affect the aggregation, but greatly affect
the separation. The fractograms of the basic solutions and ultra-
pure water were very different in terms of retention time as can be
seen in Fig. 1. For the basic solution the retention time and the size
distribution were as expected from theory and match previously
reported size distributions [36]. The retention time, however, was
much shorter for ultra-pure water than would be expected for a
constant cross-flow fractionation and does not agree with the
theory as mentioned above. This shows that the aggregates cannot
Fig. 1. Fractograms and radius size measured by MALS obtained for a stock solution
of aqu/nC60 using ultrapure water (red) and NH4OH 0.05% (green) as carrier liquid
under constant cross-flow conditions. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
be separated sufficiently in MilliQ water. Taking into account that
non-volatile electrolytes cannot be used in MS, NH4OH 0.05% (v/v)
was favoured over Na2B4O7.

3.1.2. Spacer thickness and cross flow optimisation
The spacer thickness, which defines the channel thickness, is

important for the retention time because under the same flow
conditions the retention time is directly proportional to the square
of the channel height (See Supporting information Eq. (E3)).
Reduction of the analysis time can be achieved by employing a
smaller spacer. However, less resolution will be the result.
Moreover, the reduction of spacer thickness increases the
sensitivity as the analytes are less diluted during fractionation.
Three different spacers were tested (190, 250 and 350 mm) in
combination with different cross-flows (0.6, 0.9, 1.2, 1.5 and
1.8 mL min�1). The spacer thickness and cross-flow were chosen in
order to obtain a complete separation between the injection peak
and the beginning of the peak of aqu/nC60. For the 190 mm spacer,
at least 1.2 mL min�1 (a ratio of 2 of cross-flow/channel flow) is
necessary. For the other spacers 0.6 mL min�1 results in a sufficient
separation but also results in longer retention times. Therefore, the
spacer of 190 mm was selected for a further optimisation of the
cross-flow elution profile. To reduce analysis time, the cross-flow
gradient was optimised. The best fractionation was obtained using
an initial cross-flow of 1.5 mL min�1 which is kept constant during
the first 3 min of the elution. Afterwards, a cross-flow decay using a
power function (n = 0.2) for the duration of 12 min was applied.
With this cross-flow profile, the smaller aqu/nC60 aggregates are
sufficiently separated from the injection peak and the bigger ones
do not need more than 10 min of time to elute.

3.1.3. Injection time and focusing
The sample injection and relaxation (focusing step) is a required

step for FFF-techniques as during this process the particles will
accumulate close to the membrane. The focusing time was
optimised by a systematic increase from 1 to 15 min until no
further improvement was observed. The retention ratio [45] (ratio
between times of peak maximum and the injection peak, see
Supporting information Eq. (E1)), size distribution across the peak
and peak area were used to assess the optimum time. Peak splitting
which is result of an incomplete relaxation was not observed in the
range tested. The retention ratio and the peak area were the same
for the entire focusing time range tested which indicates that
losses of the smallest particles through the membrane or
irreversible accumulation of particles on the membrane did not
occur. For focusing times of 7.5 min or longer, the observed range of
radii started at 100 nm and increased until 160 nm while at short
focusing times the radius size started at 20 nm and it increased
until 160 nm. This suggests that a long focusing time results in
further agglomeration of smaller aqu/nC60 particles. Based on
fractionation time and size distribution, a total time of 5 min for
injection and focusing time were selected. The injection and
focusing (relaxation) times were optimised for an injection volume
of 100 mL. As it takes 0.5 min to inject the sample at a flow rate of
0.2 mL min�1, the optimum focusing time is 4.5 min. If higher
injection volumes would be used, it is mandatory to adjust this
parameter according to the sample volume, e.g. for a 1 mL sample a
5 min injection time plus 4.5 min relaxation is necessary.

3.1.4. Membrane selection and recoveries
Membrane selection is a crucial issue in AF4-techniques

because some authors report that irreversible adsorption or
deposition of analytes onto the membrane may reduce the
recovery during fractionation [25,32,36]. During sample injection
and focusing step, the analytes are concentrated and driven to a
specific point in the channel. Here they could interact with the
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membrane and deposition could take place. To check if the type of
membrane has an effect on the recoveries, two different
membranes were tested, a 10 kDa regenerated cellulose (RC)
membrane and a 10 kDa polyethersulfone (PES) membrane. For
recovery experiments, five consecutives injections of 100 mL of a
stock solution of aqu/nC60 (131 mg L�1) were carried out with a
fresh membrane under the above mentioned optimised
AF4-conditions. The split pump was not used for these experi-
ments. Therefore the detector flow was set to 0.6 mL min�1 to have
the same channel flow (for the MS experiments it is 0.1 mL min�1

to the detector and 0.5 mL min�1 to the split pump). For the mass
balance the detector flow, the waste stream, which is the cross-
flow that contains compounds that pass through to the membrane
pores; and the membrane, which contains the irreversibly
deposited analytes, were collected. The two liquid fractions were
analysed by LLE and LC-HRMS and the membrane was analysed by
UAE and LC-HRMS. The results of the mass balance calculations for
both membranes are shown in Table 1. The results obtained for
both membranes are similar and merely around 2% of the analyte is
adsorbed to the membrane. However, it seems that the RC
membrane is less permeable for aqu/nC60 aggregates based on the
lower concentration found (<LOQ; 12 pginj) in the waste stream of
RC membrane as compared to PES membrane with the same cut-
off. Nonetheless, both membranes provide a high recovery based
on the detector stream but the recovery for the RC membrane
(95%) was higher than for the PES membrane (89%). These results
are higher than those reported previously by the same kind of
membranes by Isaacson and Bouchard [36] who reported similar
recoveries for PES membrane (79%) but less for RC membrane
(73%).

In addition, the fractionation performance with both mem-
branes was evaluated in terms of peak shape, peak area, retention
time, repeatability and size distribution by MALS detector. The
results of both membranes are comparable. However, the retention
times with the PES membrane were higher compared to the RC
membrane, probably due to the interactions between fullerenes
and the aromatic rings of the PES membrane resulting in a little
increase in their retention time. The retention time deviation was
lower for the RC membrane (0.3% RSD, n = 5) than the PES
membrane (1.2% RSD, n = 5). With regard to peak area, less area is
observed after the first injection using a fresh PES membrane
compared with the consecutive injections in which the area
remains constant (3% RSD, n = 4) due to the aforementioned effect
of the analyte deposition during injection and focusing. This effect
is not observed in the RC membrane for which the area of the five
consecutive injections remains equal (3% RSD, n = 5). The size
distributions obtained with MALS were the same for both
membranes, starting around 20 nm of radii and growing up to
160 nm for aqu/nC60 aggregates. The average size was 82 nm when
using a RC membrane and 80 nm with a PES membrane. Only a
little shift in radii versus time was observed between both
membranes due to the slightly higher retention observed for
fullerenes when employing PES membrane. Based on these results,
Table 1
Recoveries (%) obtained in each stream and the membranes collected in five
consecutive injections of 100 mL of aqu/nC60 sock solution (131 mg L�1) for
regenerated cellulose (RC) and polyethersulfone (PES) membranes.

Recovery (%)

RC PES

Membrane 2.3 1.7
Detector 95.3 85.3
Waste <1% 2.2

Total 97.6 89.2
a RC membrane was selected for the fractionation of aqu/nC60

aggregates.

3.2. Determination of the hydrodynamic radius

The hydrodynamic radius is the most important information
provided by AF4 and it can be derived mathematically from the
retention time when several parameters such as channel thickness,
geometrical void volume or position of focusing point, are known
[32], see Eq. (E3) in the Supporting information. One should realise,
however, that most of the equations contain approximations and
are based on constant cross-flows and therefore, they cannot be
used for fractionation under cross-flow decay. Thus, an external
calibration using two different kinds of nanoparticles to determine
the radius from retention time is proposed. Monodispersed Gold
NPs stabilized with PVP (2.5, 5, 10, 20, 30, 35 and 45 nm of radius)
were used for the smaller radii and Polystyrene Latex NPs (50 and
230 nm) for bigger ones. Standards of each size were injected
individually and the retention time at peak maximum (in MALS
detector) was used for calibration. To corroborate the applicability
of this calibration to fullerenes, the gyration radii obtained by
MALS for aqu/nC60, aqu/n[60]PCBM and aqu/n[60]bisPCBM sol-
utions were compared to the radius provided by the supplier of
Gold and Latex NPs as shown in Fig. 2. The scatter points of mono-
disperse NPs were fitted using an exponential regression and the
radius obtained was very close to the radius provided by MALS for
fullerenes aggregates. These results demonstrate the applicability
of the presented size calibration method and its potential for use
even if polydisperse samples are measured.

Moreover, the use of known size NPs allows to determine the
lower particle sizes which can be separated from the void time.
Only 2.5 nm gold NPs cannot be separated, but still be detected in
the void peak, meaning the membrane is not penetrable for
particles from at least 2.5 nm onwards. Therefore, the radius
calibration is useful for size characterisation starting at 10 nm
radius under the optimised AF4 conditions. 5 nm particles would
still elute too closely to the void peak.

3.3. AF4-LTQ Orbitrap coupling and optimisation

The coupling of the AF4 instrument to the Orbitrap mass
spectrometer was reported in a previous paper in which an
atmospheric pressure photoionisation interface and a split pump
were used [37]. There, we described how to use the Orbitrap as an
online detector for the FFF. Furthermore, we elucidated how to
enhance the signal intensity by using toluene as dopant introduced
into the APPI ionisation chamber by means of a lab-made device.
The toluene was infused using the auxiliary gas flow entrance.

Another parameter that is important for the signal intensity in
APPI is the flow rate of the FFF effluent. A low flow rate is advisable
as this will increase the sensitivity of the detector. Therefore, the
usage of a split flow of the AF4 outlet stream is proposed. It
increases the analyte response measured by the detector because
(I) the MS detector is more sensitive and (II) liquid not carrying any
analyte is diverted from the detector. Under cross-flow conditions
the analytes can be found in a region between 1 and 10 mm
adjacent to the membrane. The rest of the channel is void of
analytes and therefore the upper layer of carrier liquid can be
discarded without loss of analyte. Consequently, the split detector
flow is richer in analytes and the detector signal is increased.

Different split flows (0–0.5 mL min�1) were tested maintaining
the same cross-flow and channel flow and the resulting detector
flow was thus decreased from 0.6 to 0.1 mL min�1. As the theory
says, smaller aggregates can be found predominately in the upper
layers and bigger aggregates closer to the membrane. A change in
the size distribution would show that smaller aggregates were



Fig. 2. Radius calibration using gold and latex NPs and data provided by MALS for aqu/nC60, aqu/n[60]PCBM and aqu/n[60]bisPCBM.
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removed by the split pump. 0.2 mL min�1 (33.3%), 0.3 mL min�1

(50%), 0.4 mL min�1 (66.7%) and 0.5 mL min�1 (83.3%) split flows
were tested (the percentage of total flow removed is in brackets)
and it was observed that the enrichment factor obtained by split
flow was according to theoretical mass balance calculations as
shown in Fig. SI1 and no differences in size distribution, according
to MALS detector, were observed. Therefore, a split flow of
0.5 mL min�1 (detector flow 0.1 mL min�1) was selected since it
was fully compatible with the APPI interface. An enrichment of a
factor of 6 was obtained. Moreover, the signal areas obtained from
using ultrapure water and ultrapure water with 0.05% NH4OH
showed no significant differences in the ionisation performance for
the aqueous fullerenes aggregates. As reported in a previous paper
[37], the mass spectra of fullerenes using an APPI interface in
negative mode are dominated by [M]�� and due to the high
abundance of 13C isotope in fullerene molecules it was used for
confirmation purposes.

3.4. Method validation

The method developed was validated in terms of linear range,
limit of quantification and detection and repeatability (%RSD, n = 3)
for C60, [60]PCBM and [60]bisPCBM aqueous fullerene aggregates.
All of these parameters were calculated by injecting 100 mL of
aqueous standard solutions prepared from aqueous stock solutions
and the results are presented in Table 2. The linear range spanned
from the LOQ to around 20 mg L�1 and the regression coefficient of
the calibration line (r2) was higher than 0.9993 for all compounds.
The LOQs were defined as the lowest point of the calibration curve
and were around 0.4 mg L�1. The LODs correspond to a signal/noise
ratio better than 3 with the additional condition that the signal
intensity is higher than 1 �103 and complies with the above
mentioned rules for identification. The resulting LODs were
Table 2
Limit of detection and limit of quantification of AF4-APPI-LTQ Orbitrap method for
the aqueous (functionalised) fullerenes aggregates.

Compound LOD
(mg L�1)

LOQ
(mg L�1)

Linear range
(mg L�1)

r2 Repeatability
(%RSD, n = 3)

C60 0.21 0.42 LOQ-21 0.9996 5.1
[60]PCBM 0.18 0.35 LOQ-18 0.9993 6.1
[60]bisPCBM 0.13 0.26 LOQ-22 0.9994 5.2
between 0.1 and 0.2 mg L�1. The repeatability of the method was
determined by injecting 3 replicates of a standard solution
(2.1 mg L�1 for C60, 0.9 mg L�1 for [60]PCBM and 0.7 mg L�1 for
[60]bisPCBM) and the %RSD were lower than 6.1% in peak area. The
LODs using MS were much better than those obtained by UV and
MALS detectors in which cases the approximated LODs were
�5 mg L�1 for MALS and �20 mg L�1 for UV. The overlapped
normalised responses for an aqu/nC60 stock solution obtained with
the aforementioned detectors are presented in Fig. SI2. As can be
seen the peak maxima of all detector signals coincide, but the
response across the peak was different because the signal in MALS
and UV is affected by the cluster type and amount of fullerenes and
not only by the amount, which is the case for the MS. Therefore, the
response obtained by MS is more representative for an accurate
quantitative determination.

3.5. Application for environmental water samples

The application of the developed method to environmental
waters was done by injection of non-spiked and spiked samples of
river water, sewage influent and effluent. The fractograms for the
different spiked samples and a standard solution of the same
concentration are shown in Fig. 3. As can be seen, for river water
the fractogram was similar to that one of the standard solution
meaning that the aggregation of fullerenes is not affected by the
natural components present in this river water. However, in spiked
sewage samples the size distribution of fullerenes is strongly
affected, especially in the effluent samples. Here a large amount of
particles can be found in the void peak. These results suggested
that bigger clusters were disaggregated into smaller ones due to
the presence of organic and inorganic matter. Studies have shown
that the most stable form for colloidal clusters of fullerenes are
based on icosahedral arrangements of 13 C60 molecules separated
by water layers [46]. This is the “building block” for C60 clusters
with an estimated size of 3.4 nm. These clusters can form bigger
aggregates. The size distribution observed for sewage waters
suggests that bigger aggregates are split and hence, it can be
expected that the resulting smaller clusters (<5 nm) appear in the
void peak. For effluent samples the major number of fullerene
aggregates have a radius lower than 5 nm but a second maximum
is also observed between 11 and 12 min which corresponds to a
radius between 35 and 65 nm. For influent samples, the peak of
aqu/nC60 starts after the void time and the maximum amount was



Fig. 3. Fractograms obtained by AF4-APPI-LTQ Orbitrap for: (a) river water; (b) effluent sewage; (c) influent sewage; (d) standard. The spiked concentrations of aqu/nC60, aqu/
n[60]PCBM and aqu/n[60]bisPCBM were 2.1, 0.88 and 0.66 mg L�1, respectively, in all samples. The Y-axis shows the relative signal intensity and the X-axis the time.
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found at 12.6 min which means that the radii of aqu/nC60 are larger
for influent samples than for effluent samples. The radii deter-
mined of aqu/n[60]PCBM and aqu/n[60]bisPCBM were lower than
for aqu/nC60, starting <5 nm and the peak maximum observed for
aqu/n[60]bisPCBM corresponds to a radius of 25 nm. For aqu/n[60]
PCBM the response was more or less constant until 90 nm. For river
samples, the radii for all of the functionalised fullerenes started at
around 15–20 nm with a maximum around 100 nm.

With regard to non-spiked samples, no fullerene aggregates
were found meaning the water samples investigated in the present
study do not contain fullerene derivatives above the current LOQ.

4. Conclusions

In this paper, we demonstrated for the first time that field flow
fractionationallowsthe determinationof fullereneconcentrations in
different size fractions by using an online Orbitrap HRMS. The choice
ofsolventiscrucialfortheapplicabilityofanonlineMSasnon-volatile
additives cannot not be used. Pure Milli-Q water was excluded as
suitable eluent as the datawas not in accordancewith the FFF-theory
and fullerenes clusters cannot be separated properly. A 0.05(v/v)%
NH4OHsolutionwasfound to be the besteluent forthe analysis of the
three different fullerene suspensions (C60, [6,6]-phenyl-C61 butyric
acid methyl ester ([60]PCBM) and [6,6]-(bis)phenyl-C61 butyric acid
methyl ester ([60]bisPCBM)). The MALS data obtained with this
eluent were consistent with the theory and with calibration using Au
and latex particles. The LOD of the Orbitrap HRMS was about
0.1 mg L�1andsignificantlybetterthantheLODfortheUV(20mg L�1)
and the MALS detector (5 mg L�1) for an injection volume of 100 mL.
These LODs canbe further improvedas inprinciple there isno limit to
theamountofsamplethatcanbeinjectedintotheFFF.Environmental
samples(riverandsewagewater)werespikedwithfullerenesandthe
fractograms revealed that the matrix does affect the size of the
aggregates.Assizeisanimportantfactorwhenitcomestotoxicityand
transport, this information will be helpful to understand the impact
that fullerenes can have on the environment and living organisms.
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